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PREFACE TO THE SECOND EDITION 

During the four years that have elapsed since the original ap- 
pearance of this book, the author has been fortunate in receiving 
from time to time, from fellow-teachers in other institutions, a 
number of constructive criticisms and suggestions based upon 
their use of the text in regular class-room work. Most of these 
suggested changes have been incorporated in the present edition, 
and at the same time there have been included certain alterations 
and new material which personal experience has shown to be 
desirable. In general, the changes have been in the nature of 
amplification of certain explanations which were originally some- 
what too condensed, and the new material has been selected to 
fill in gaps and make the presentation as self-contained as pos- 
sible. At the same time the illustrative problems at the ends of 
the various chapters have been replaced by new sets. In a few 
cases where the original symbols did not conform to the standards 
recommended by the American Institute of Electrical Engineers, 
corrections have been made. 

It was expected that the original edition might be criticized on 
the ground that some of the material emphasized the designer's 
viewpoint, though it was pointed out in the preface to the first 
edition that these portions could be omitted, at the discretion of 
the instructor, without interfering with continuity of treatment. 
Some of the rearrangements have been made with the idea of 
separating design material from the main context. It has not 
l^n eliminated for the reason that the fundamental idea of the 
l^k is to present the subject in such manner as to satisfy the 
student who wants to know why, rather than merely how, things 
we done. 

The author desires to express his cordial thanks to all those 
fellow teachers whose friendly criticisms have greatly assisted the 
^ork of preparing this revision. 

Alexander S. Langsdorf. 

Washinoton XJNivERsrrY, 
St. Louis, Mo. 
August, 1919. 
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This book has been prepared with the object of placing before 
junior and senior students of electrical engineering a reasonably 
complete treatment of the fundamental principles that underly 
the design and operation of all types of direct-current machinery. 
Instead of attempting to touch the "high spots" in the whole 
field of direct-current engineering, attention has been concen- 
trated upon certain important features that are ordinarily dis- 
missed with little more than passing mention, but which, in the 
opinion of the author, are vital to a thorough grasp of the subject. 
For example, the book will be found to contain in Chapter III 
a full derivation of the rules covering armature windings (follow- 
ing Professor Arnold), in addition to the usual description of 
typical windings; Chapters VI and VII include a considerable 
amount of new material concerning the operating character- 
istics of generators and motors, the treatment being largely 
gn^hical and including the use of three-dimensional diagrams 
for depicting the mutual relationships among all of the variables; 
and in Chapters VIII and IX there has been developed a much 
niore extensive treatment of the important subject of commuta- 
tion than has been heretofore easily accessible to students of the 
type for whom the book is intended. In the selection and 
arrangement of the material dealing with commutation, care 
^ been exercised to eliminate those minute details and exces- 

• 

five refinements that are more likely to confuse than to clarify. 

Although the methods of the calculus have been freely used 
throughout the book, a conscious effort has been made to give 
special prominence to the physical concepts of which the equa- 
^ons are merely the short-hand expressions; to this end, the 
^thematical analysis has been preceded, wherever possible, by 
^ full and copiously illustrat<?d discussion of the physical facts 
^f the problem and their relations to one another. This has 
t^n done to counteract the tendency, manifested by many 
students, to look upon a mathematical solution of a problem as 
an end complete in itself, apparently without a due realization 

ix 
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that the first essential is a clearly thought out analysis of physical 
realities. As an example of this procedure, attention is directed 
to the new material of Article 210 of Chapter XL 

The illustrative problems at the end of each of the firet t«n 
chapters have, for the most part, been designed to prevent the 
practice of feeding figures into one end of a formula and ex- 
tracting the result (painlessly) from the other end. No attempt 
has been made to include as complete a set of problems as is 
desirable in studying the subject, for the reason that each in- 
structor will naturally prepare a set to meet his own needs. 
Some of the problems at the end of Chapters VI and VII will be 
found to tax the reasoning powers of the best students, but all 
of them have been successfully solved in the author's classes. 
Answers have not been given in the text, but will bo supplied 
upon request to those instructors who ask for them. 

It is not to be expected that a new book on direct currents 
can avoid including much material common to the large number 
of existing texts on the subject. Such originality as has been 
brought to bear, aside from that represented by the new matter 
already referred to, has been exercised in selecting from the vast 
amount of available material those parts that seem most essential 
to an orderly presentation of the subject. Numerous well- 
known texts have been freely drawn upon, with suitable ac- 
knowledgment in all essential cases. 

That part of Chapter IV which deals with details of the 
calculation of the magnetization curve and of magnetic leak- 
age, and the part of Chapter VIII in which the formulas for 
armature inductance are developed, may be omitted without 
interfering with the continuity of treatment, in case design is 
taught as a separate course. 

In conclusion, the author desires to express his sincere thanks 
to Professor H. E. Clifford, of Harvard University, who made 
helpful criticisms and suggestions after reading the original 
manuscript, and who also assisted in the proof reading; and to 
the various manufacturers who have kindly contributed illus- 
trations. 

Alexander S. Langsdcrf. 

Wasbinoton Univbiwity, 

St. Louis, Mo. * 

A%tgu9tj 191.?. 
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PRINCIPLES OF 
DIRECT -CURRENT MACHINES 

CHAPTER I 
GENERAL LAWS AND DEFINITIONS 

1. Introductory. — A clear conception of the theory underly- 
ing the design and the operating characteristics of electrical 
machinery depends upon a thorough understanding of a few 
fundamental physical facts concerning the properties of electricity 
and magnetism and of the formulation of these facts as laws or 
definitions. The object of this chapter is to present in condensed 
form those facts, laws and definitions which are immediately 
applicable to the theory of direct-current machines. For a more 
extended treatment of these basic principles the student is 
refen^ to the numerous texts in which the subject is treated in 
detail. 

2. Magnets. Magnetic Field. — The term magnet was origi- 
nally appUed to the lodestone, an oxide of iron (FegOO, now 
called magnetite, which from the earliest times has been known 
to have the property of attracting bits of iron or steel. It was 
also known at a very early date that this property could be 
imparted to pieces of iron or steel by rubbing them with a 
lodestone, but it was not until the nineteenth century that it 
was discovered that the best way to impart these properties to 
iron or steel bars is to surround them by a coil of insulated wire 
in which a current of electricity is made to flow. Certain alloys 
of steel, such as chrome-steel, retain this property indefinitely 
and such magnets are therefore called permanent magnets; pure 
soft iron, on the other hand, even though highly magnetized by 
^ current through a surrounding coil, will quickly lose its mag- 
netism if the current is cut off, or if the iron is removed from 

1 
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the coil. In general, the permanency of the magnetized con- 
dition becomes more pronounced as the iron or steel becomes 
harder. The combination of an iron core and a current-carrying 
coil surrounding it is called an electromagnet to distinguish it 
from the permanent magnet or, more simply, the magnet. The 
force exerted by a magnet on pieces of iron which are not 
themselves magnets is always a force of attraction. 

The simplest form of magnet is a straight rod, in which form 
it is called a bar magnet. If such a magnet is dipped into a mass 
of soft iron filings the latter will cling to the two ends of the 
magnet in the form of tufts, while the middle portion will be 
left comparatively free, thereby giving rise to the notion that 
the magnetic properties apparently reside at or near the ends, 
which are called the poles of the magnet; but the magnetised 
condition is in reality distributed fairly uniformly throughout 
the mass of the magnet, provided it is homogeneous, as may be 
shown by cutting the magnet into short lengths. No matter 
how far the subdivision is carried, each part remains a complete 
magnet with two equal poles. 

A bar magnet freely suspended at its center of gravity viU 
turn until its axis lies in a plane tangent to the magnetic meridian 
through the point of suspension. In general, in northern lati* 
tudes, the northern end will dip below the horizontal and the 
southern end will be correspondingly elevated. By counte^ 
weighting the bar, it may be made to assume a horizontal posi- 
tion. In this form the bar magnet is a compass. If such a 
magnet is disturbed, it will oscillate about a mean position but 
will ultimately come to rest, the same end always pointing in the 
same direction. 

If two suspended bar magnets are brought close together, it is 
found that the two north-seeking poles invariably repel ead 
other, and that the two south-seeking poles likewise repel ead 
other; but a north-seeking pole of one magnet will attract the 
south-seeking pole of the other. These facts are summarized 
in the statement that like poles repel, and unlike poles attract, 
each other. 

The directive effect of the earth upon a compass is accoimted 
for by the fact that the earth is itself a huge magnet whose 
magnetic poles are situated near the geographical poles. 
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lorth-aeeking pole of the compass is attracted by the north 
letic pole of the earth, the former is in reality the "true 
h" pole of the compass; but it ig called the north-seeking end, 
r generally for the sake of brevity merely the north pole. 
"Hie opposite characteristics of the two poles of the magnet give 
rise to the terms -posilive -pole and negative pole, the positive pole 
being the north-seeking pole, the negative pole the south-seeking 
pole. 

■When a magnet is brought near a mass of soft iron fiUngs, each 
particle of the latter becomes magThetized by induction and devel- 
ops two poles of opposite sign. The induced pole adjacent to 
the nearest inducing pole has a polarity opposite in sign to that 
of the inducing pole, thereby giving rise to a force of attraction; 
the other induced pole is repelled, but being farther away than 
the first pole, the resultant force on the induced magnet as a whole 
is one of attraction. 

The region surrounding a magnet, and within which occur the 
phenomena described above, is called the magnetic field of the 
(nagnet. Thus far the only features that have been considered 
are the forces exerted by one magnet upon another, and the in- 
duced magnetism set up by a magnet in a previously unmagnet- 
ized piece of iron or steel. But it was discovered by Oersted, 
about 1820, that an electric current will exert a force upon a com- 
pass needle, so that a magnetic field likewise exists in the space 
surrounding the conductor through which the current is flowing; 
this explains the fact mentioned above, that a piece of iron or 
steel may be magnetized (by induction) when inserted in a coil 
carrying a current. Moreover, if a closed conductor is moved in a 
magnetic field in such a way that the flux linked with it changes 
in value from moment to moment, no matter whether that field 
is produced by a magnet or by a current in a conductor, there 
wiD in general be induced a flow of current in the moving con- 
ductor; this phenomenon was discovered by Faraday in 1831 and 
ia known as electromagnetic induction. And further, a conductor 
canying a current, when placed in a magnetic field produced by a 
magnet or by another electric current, will in general be acted 
I by a force. Quite generally, therefore, a magnetic field 
kbe defined as a region within which (a) magnets are acted 
I 1^ & force; (ff) magnetic substances may become mag- 
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netized by induction; (c) moving conductors, if closed upon 
themselves, may become the seat of an induced current; (d) 
conductors carrying electric currents may be acted upon by 
forces. 

Although iron and steel possess magnetic properties to a much 
greater degree than other substances, there are materials, of 
which nickel and cobalt are examples, which have these properties 
to a lesser extent. Substances in this group are attracted by a 
magnet, and are called paramagnetic; they tend to orient them- 
selves in a magnetic field with their longer axes in the direction 
of the field. But there are substances like bismuth, phosphorous 
and zinc which are repelled by both poles of a magnet, and tend 
to set themselves with their longer axes across the field; they are 
called diamagnetic substances. Since iron and its alloys are the 
most prominent examples of the paramagnetic group, substances 
belonging to this group are frequently called ferromagnetic, or 
for thQ sake of brevity, merely magnetic. It is interesting to 
note that certain alloys, called the Heusler alloys, which contain 
no iron at all, have been found to have marked magnetic proper- 
ties equivalent to that of a low grade of cast iron; these alloys are 
made of copper, aluminum and manganese, no one of which is 
itself magnetic, and the magnetic properties are best when the 
proportions of the three constituents are relatively about the 
same as their atomic weights. 

3. Unit Magnet Pole. — Every magnetized body exhibits the 
phenomenon of polarity, that is, the simultaneous existence of 
poles of opposite sign. One pohirity cannot exist without the 
other. The magnetized condition obtains throughout the entire 
mass of the magnet, but its intensity generally varies from point 
to point. In speaking of the pole of a magnet it should be under- 
stood that there is no one point at which the magnetism is actu- 
ally concentrated, but the conception of concentrated point poles 
is useful for purposes of computation even though the idea is 
artificial. In the case of a long, slim magnet, like a knitting 
needle, the magnetism arts as though it wcM-e mostly concentrated 
at or near th(^ ends, so that such a magnet approximates fairly well 
th(» condition of concentrated point j)ole.s. In particular, if one 
pole of such a magnet is plac(»d in a magn(jtic field, its other pole 
being so far removed as to be acted upon with little or no force, 
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le magnet will behave as though it consisted of a single isolated 
ole, and the forces acting upon it can then be studied. 

For purposes of quantitative measurement, a unit magnet pole 
s defined as a paint pole of such strength that it wiU exert a force of 1 
iyne upon an equal pole at a distance of 1 cm., both poles being 
in air. The force will be a repulsion if the two unit poles are of 
the same sign; it will be an attraction if they are of opposite 
sign. Unless otherwise stated, the unit pole is always assumed 
to be a north-seeking or positive pole. 

If a imit pole is placed 1 cm. away from a pole of unknown 
strength, the surrounding medium being air, and the force be- 
tween them is found to be m dynes, it is assumed that the second 
pole has a strength of m units. In other words, the strength of 
a magnet pole is measured by the force in dynes with which it 
acts upon (or is acted upon by) a unit pole at a distance of 1 cm., 
in air. Two magnet poles of strength m and m', respectively, 
placed 1 cm. apart in air, will then act upon each other with a 
force of mm' dynes, in accordance with this definition. 

In 1800 Coulomb discovered the fact that the force of attrac- 
tion or repulsion between two magnet poles is inversely propor- 
tional to the square of the distance between them. In general, 
the force between two poles m and m' separated by a distance r 
is then 

/ = ifc"T' • (1) 

If force is measiu-ed in dynes, distance in centimeters, and pole 
strength in terms of the unit defined above, then when m, m', and 
^ are all equal to imity, / is equal to unity by definition, hence k 
= l,or 

/ = ^' dynes (2) 

4. Field Intensity. Uniform and Non-uniform Fields. — The 

inknsity of a magnetic field at a given point in air is measured 
^' the force in dynes which would act upon a unit magnet pole 
placed at that point, provided the introduction of the test pole 
Uitothe field does not alter its original intensity or distribution. 
Field intensity is represented by the symbol H, Thus, a field is 
said to have unit intensity at a particular point in air if it acts 
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upon a unit magnet pole placed at that point with a force of one 
dyne. This unit field intensity is called the gilbert per CentimeUr^ 
though the term gauss (see Art. 5) is also justifial5Ie]^ A field of 
intensity H gilberts per cm. (or gausses) then means a field which 
will act upon a unit magnet pole in air with a force of H dynes, or 
with a force of mH dynes upon a point pole of strength m units. 

If a magnetic field is so distributed that a test (point) pole 
is everywhere acted upon by the same force in the same direction, 
the field is said to be a uniform field. It is possible to have mag- 
netic fields in which the intensity is uniform within definite 
boundaries, but in which the direction varies from point to point. 
Such fields have uniform intensity. In general, however, the 
intensity of the field will vary both in magnitude and direction 
from point to point, in which case the field is non-uniform. 

5. Lines and Tubes of Force. — If a imit magnet pole is moved 
about in a magnetic field in air, the force acting upon it will in 
general vary in magnitude and direction from point to point. 
At each point in the field the force can be represented by a line 
whose length is proportional to the magnitude of the force and 
whose direction coincides with that of the force; in other words, 
the field intensity at each point can be represented by a vector. 
If curves are now drawn in such a way that their tangents are at 
each point in the direction of the intensity vector at that point, 
the curves will be lines of magnetic force. Obviously there will 
be an infinite niunber of such lines in any magnetic field, sinee 
there is an infinite number of points which do not lie on one and 
the same line of force, and through each of which a line may be 
drawn. It is also clear that lines of force cannot interaecti for 
if they did, each of the intersecting lines would have a different 
tangent at the point of intersection, therefore implying that a 
magnetic point pole placed at that point would simultaneously 
experience more than one force — a condition that is clearly 
impossible. 

If a current is passed through a solenoid having an air core, 
as shown in Fig. 1, the distribution of the lines of force in a plane 
passing through the axis of the solenoid will have the general 
form indicated in the sketch, as may be proved experimentally by 
spiinkling iron filings on a sheet of paper through which the tunifl 
of the solenoid are wound. There is a similar distribution of 
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lines of force in every other plane through the axis of the coil. 
The outstanding fact observable in the diagram is that the lines 
^ force are closed curves, and that each of the closed loops is 
Unked with one or more turns of the coil in which the current is 
flowing. 

There is a definite relation between the direction of Sow of the 
current and the positive direction of the magnetic field due to the 
. enrrent {the poutive direction of a line of force being the direc- 
tion in which a free positive pole would be acted upon when on 
thfttline). The positive direction of the lines of force, where the 
lines pass through the turns of the conductor, is the same as the 




FM. 1.— UneB of force due 



direction of motion of the tip of a right-handed screw the head of 
wiaA is turned in the direction of the flow of current. Other 
nilet for determining the relation between direction of field and 

idinetioD of current are as follows: (1) If the palm of the right 
. had IB imagined placed on the coil with the fingers pointing in 
; the direction of the Sow of current, the extended thumb will 
! point in the positive direction of the lines of force where they pass 
> &Diigh the coil; (2) if the wire is imagined to be grasped in the 
ri^t hand in such a manner that the thumb extends along the 
wire in the direction of the flow of the current, the fingers will 
link the wire in the positive direction of the fines of force. 

In Fig. 1 only a few Unes of force have been drawn, but it will 
be observed that inside the solenoid they are more closely com- 
pacted than they are at the ends and in the surrounding air. 
Experiment shows that the field intensity is likewise greater in- 
side the solenoid than at the ends or outside, so that we are led 
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to the conception that the density of the lines, in air, may 
used as a measure of the field intensity. It has already be 
pointed out that there is an infinite number of Unes of force 
any magnetic field, but in order to make use of the above concc 
tion it is convenient to picture the field by means of a finite nui 
ber of "conventionalized'' lines of force, these lines being select 
so that the number per unit area, taken at right angles to t 
direction of the field, shall be numerically equal to the fi( 
intensity. 

The symbol used to represent the number of (conventionalize 
lines of force per unit area (1 sq. cm.) is B, while the symbol i 
field intensity is H. Therefore, in air, 

B = H 

If a magnetic field in air is uniform, the number of lines per ui 
area being equal to B, the total number of lines crossing i 
area A sq. cm. at right angles to the direction of the field will 
BA, and this product is called the magnetic flux across the arc 
Flux is represented by the symbol $, so that 

^ = BA 

or ( 

whence B is called the flux density, meaning the number of lin 
per square centimeter. The unit flux density is called tl 
gauss. If the field is non-uniform, so that B varies from poii 
to point, the flux across an area A which is everywhere perpei 
dicular to the lines of force will be 

$ = fBdA, 

the integration being extended over the entire area in questioi 
If the area is not at right angles to the field, the flux crossing it 

4> = J* B cosadA (4 

where a is the angle between the direction of the field and th 
normal to the elementary area dA. 

A bundle of lines of force threading through a given- area wi 
converge or diverge as the field intensity increases or decrease! 
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respectively. The lateral walls of such a bundle constitute a 

tubular surface the elements of which are lines of force, as shown 

in Fig. 2, and such a bundle is called a tube of force. If such a 

tube is in free space and does not contain any magnetic material, 

the total flux across all sections of the tube is constant, or 



# = J*Bi cos aidAi = J*B2 cos ^2^-4 2, 



(5) 




Fio. 2. — Tube of force. 



for by hypothesis the longitudinal walls 
of the tube are made up of hnes of force, 
and since lines of force cannot intersect, 
no flux can cross the walls of the tube, 
hence lines within the tube at one cross- 
section must be within the tube through- 
out its length. This fact is sometimes stated by saying that 
the flux across the walls of a tube of force is zero. 

6. Permeability. — ^I<et an iron core be placed within the solen- 
oid of Fig. 1 in the manner indicated in Fig. 3. With a given 
current flowing in the coil, it is found by experiment that the 
field mten&ity at the ends of the electromagnet is very much 
greater than when the iron was not present. The iron becomes 
magnetized by induction, poles of strength +w and — m develop- 
ing at the ends, and the flux due to these poles is superimposed 




— Solenoid with iron core. 



upon the original flux. The new lines of force emanate from the 
induced north pole and return by way of the surrounding medium 
to the south pole, whence they complete their closed paths back 
to the north pole through the iron core. Within the core, there- 
fore, the number of linos per unit area of cross-section is ^reatei* 
than when the core was not present, even though the field in- 
tensity H is maintained the same as it was in i\w absence of the 
core. In other words, within the iron of the core B is no longer 
<^ual to //, as was the case witli an air core, but B is now very 
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much greater than H; as will be seen later, B may be as much 
as 2000 to 3000 times greater than H with certain grades of iron 
or steel. 

The increased value of the flux when the original air core is 
replaced by an iron core may be thought of in terms of the follow- 
ing analogy: If water, or other fluid, is forced through a semi- 
porous material like a layer of sand, the flow will depend upon 
the pressure, or head, and also upon the degree of porosity; 
but if there are cavities within the layer of sand, the stream lines 
of the flow will converge upon such cavities, and the resultant 
flow will be increased even though the pressure remains the same; 
the cavities offer a path of less resistance, or are more permeable 
to the flow than the denser parts of the layer. In very much 
the same manner the iron core may be looked upon aa a "mag- 
netic cavity" in the sense that it is more permeable to the mag- 
netic flux than the air it replaces. Accordingly, the ratio 
B 
''= H 



(6) 



is called the permeability, which is therefore a measure of the 
magnetic "conductivity" of the material. The permeability 
of air (or more strictly of a vacuum) is unity, since in that case 
B = H. In diamagnetic substances, which are repelled by both 
poles of a magnet, lines of force are conducted less readily than 
in air, so that their permeabihty is less 
than unity. There is no substance whose 
permeabihty is zero; if there were, such 
a substance would be a magaetie insu- 
lator. 

7. Induced Currents and E.M.P.— It 
was discovered by Faraday in 1831 Hbai. 
a closed conductor which is threaded 
by, or linked with, a magnetic field 
will have a current induced in it when 
the strength of the field is altered. This phenomenon is 
called electromagnetic induction, and may be demonstrated in a 
number of different ways. Thus, if the stationary closed con- 
ducting ring of Fig. 4 is threaded by lines of magnetic force 
whose number changes from instant to instant, a current will 
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low in the ring; again, there will be a current flow if the field 
s steady and the ring is rotated around a diameter so as alter- 
nately to include and exclude the magnetic flux; and again if 
the field is steady and the ring is given a motion of translation 
liaraUel to itself from a region where the field has a certain in- 
tensity to a region where the intensity is different; but if the ring 
be pven a simple motion parallel to itself in a field of uniform 
intenaty there will be no induced current. 

It should be borne in mind that the flow of current in the vari- 
uuB cases mentioned above is dependent upon the condition that 
ihb circuit be closed, The induced current is a secondary phe- 
nomenon, the primary effect of the changing magnetic field being 
to induce an e.m.f. which in turn produces the current.' For 
instance, let the wire ab * * 

move lo the right along the [ 

rails SS', Fig. 5, and let *, 1^ 

♦ represent magnetic lines 
of force at right angles to 
tiiepiane of the rails. There 
will result a displacement of 
declricity along the wire ab, 




Develop in eut of e. 



<L positive charge appearing at b and a negative charge at a, 
ITiig means that there will be a difference of electrical potential 
(Art. 14) between a and 6; if then the rails are joined by a 
conductor cd, a current will flow around the closed circuit abed, 
lint the difference of electrical potential may exist independently 
_of the current, as for instance, when the circuit is open. 

i- Direction of Induced E.M.F. (o) Fleming's Right-hand 
—A convenient method of determining the direction of the 
If aa electrical circuit that is not closed upon itself is "cut" by lints 
c force, as described above, what actually occurs is a dipplacc- 
of electricity along the conductor in a direction mutually perpendicular 
~ n of the field and to the direclioa of motion of the conductor. 
IS electricity (consisting of electrons) ia in process of diaplacement, 
tat constjtules a tnie current, but currents of this sort arc called 
mt currents to distinguish them from the dynamic currents 
; with ia direcl-cunent circuits. Strictly, therefore, the 
y eSect of a changing magnetic flux upon a conducting electrical 
it to produce a displacement current, which in turn gives rise to a 
« of electrical potential between the temiiuats of the circuit, and u 
i) current it the circuit be closed. 
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flux 



motion 



e.ni.f. 




induced e.m.f. and of the resulting current if the circuit is close 
is known as Fleming's rule, which is as follows: Hold the thumi 
forefinger and middle finger of the right hand mutually perpei 
dicular to one another, like the three axes of space coordinate 
as illustrated in Fig. 6; point the forefinger in the direction of tl 
lines of force, the thumb in the direction of motion of the wii 
relatively to the field, then the middle finger will point in tl 
direction of the induced e.m.f. 

Thus, referring to Fig. 5, if the forefinger of the right hand 
pointed downward and the thumb to the right, the middle fingi 

will point in the direction from a to 6, t 
that the direction of flow of current wi 
be ahcdu, 

(6) Lenz^s Law. — It is found by & 
periment that an induced current alwa} 
opposes the action which produces i 
This fact is known as Lenz's Lav 
Stated in another way, the induced cm 
rent always flows in such a direction 8 
to oppose the change in flux which p« 
duces the e.m.f. that in turn causes th 
current to flow. Thus, again referring to Fig. 5, it will be see 
that the motion of the wire (to the right) is such as to cause tt 
loop abed to enclose more and more flux. According to Leni' 
Law, the induced current will have such a direction as to 0{ 
pose this increase of flux, consequently the induced current € 
itself will tend to produce lines of force directed upward throu|^ 
the loop; and as was explained in Art. 5, the current must the; 
flow in the direction a6a/a. 

9. Direction of the Force Due to a Current in a Magneti 
Field. — Oersted's discovery that a current of electricity exert 
forces upon the poles of a neighboring compass needle and B 
causes a d(»floction of the needle when these forces form a couple 
leads to the corollary that the conducting wire is likewise acta 
upon by a force when properly placed in the field of the compaa 
or, in general, in any magnc^tic field. The direction of the for© 
upon the conducting wire is definitely related to the direction o 
the field, and may always be determined by the foUowini 
considerations: 



Fio. 6. — Fleming's right- 
hand nile. Generator ac- 
tion. 
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FlQ. 7. — Fleming's left-hand 
rule. Motor actioi^. 



(a) Fleming^s Left-hand Rule. — Hold the thumb, forefinger, 
id middle finger of the left hand mutually perpendicular to one 
aether, as shown in Fig. 7. Point the forefinger in the direction 
if the lines of force and the middle finger in the direction of flow 
o{ the current, then the thumb will point in the direction of the 
ioTce on the wire. It will be noted that this rule covering motor 
action is the same as Fleming's rule for the direction of the in- 
induced e.m.f. (generator action) except that the left hand is 
used instead of the right hand. Each rule is a sort of mirror 
image of the other, and in fact if Fig. 
6 is observed in a mirror, the image 
will be identical with Fig. 7. 

(6) Referring to Fig. 5, suppose 
that a current from some external 
source such as a storage battery is 
caused to flow through the loop in 
the direction abcda, A forco will 
then be exerted on each of the sides 
of the loop, and the slider ab, if 
unconstrained, will move in the direc- 
tion of the force. The left-hand rule given above in paragraph 
(a) indicates that the motion will be to the left. But as soon 
as. motion ensues the wire ab will cut across the lines of force 
and an e.m.f. will be induced in a6 in a direction opposed to the 
original direction of flow of current. This is in accordance 
with Lenz's law, for the original current in the loop may be 
looked upon as the cause of the motion, and the induced e.m.f. 
then tends to produce a current in opposition to the original 
cause of motion. In such a case as this, the induced e.m.f. 
set up by the motion of the wire a6, since it is in opposition to the 
original current flow, will actually bring about a reduction of 
the original current imless the e.m.f. of the battery supplying 
the current is increased sufficiently to balance the counter e.m.f. 
The facts discussed in Arts. 8 and 9 may he summarized as 
follows: 

1- If a conductor is situated in :i magnetic field and is actcul 
upon by a mechanical force in such manner that the conductor is 
inadeto cut the lines of force, the induced e.m.f. will have such a^ 
direction that the resulting current (assuming the circuit to be 
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closed) will react with the magnetic field in such a way as to a 
up a mechanical force in opposition to the driving force. Elo 
trical energy is then produced at the expense of mechanics 
energy, and the entire phenomenon may be classified as generaU 
action. 

2. If a conductor is situated in a magnetic field and is made 1 
carry a current from some source of electrical energy, the p 
suiting force (if there is any at all) will tend to produce motio 
in such a direction that the induced e.m.f. will oppose the curren 
Mechanical energy is then produced at the expense of electrici 
energy, and the phenomenon is characteristic of malar action. 

It should be noted that motion of a conductor in a magnet 
field will give rise to an induced e.m.f. only when the motion 
such as to cause the conductor to cut across the lines of foro 
Similarly, a wire carrying a current and situated in a magnet 
field will experience force action only when the length of the wi 
has a component across the lines of force. 




•t-tfi 
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FiG. S. — Forw due to a current in a magnetic field. 



10. Force Due to a Current in a Magnetic Field. — Whil 
Oersted's discover^' i^tablisheii the fact that a conductor carryin 
a current experienees a force when properly placed in a magneti 
field, the numerical relation betwwn the magnitudes of the foro 
the current, and the field strength were first put into mathemal 
ieal form by Laplace, as follows: 

Let dl, Fig. 8a, represent an element of a wire ab, which i 
carr>'ing a current of / absolute units (abamperes), and let i 
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e a magnet pole of strength m units. The force acting on the 
lement dl is then 



d/ = -^I dl sin d dynes^ 



(7) 





Fig. 9. — Force due to a current 
in a magnetic field. 



Mrhere 6 is the angle between the radius vector r and the tangent 
T to the wire at the element. In accordance with the rules 
Slven in Art. 9, and under the conditions represented in Fig. 8a, 
the direction of this force will be 
upward, at right angles to the plane 
through r and T. Conversely, the 
current in the element cU will act 
upon the pole m with an equal 
force, directed downward. 

Equation (7) cannot be derived. 
It is empirical, and its validity 
depends upon the fact that all ex- 
perimental facts are in agreement with it. 

In equation (7) the term -^ is the field intensity H at the 

element cU due to the pole w. If the wire and the pole shown in 
Kg. 8a are in air, if = B, so that the force on the element is 

df = BI dl sin 6 

If »■ is perpendicular to di, sin ^ = 1, in which case 

df = Bidl 

It follows, therefore, that if a straight wire I cm. long, carrying a 
current of / abamperes, is placed in a magnetic field having a 
^orm flux density of B gausses in such a manner that its length 
^ perpendicular to the lines of force (see Fig. 9a), it will be acted 
upon by a force 

/ = BlI dynes, (8) 

but if the wire makes an angle d with the direction of the field 
(seePig. %), the force is 

f = BlI sin d (9) 

Equation (8) provides means for establishing a definition of 
the absolute unit of current (the abampere). For if J5, Z, and / 

^ Thia equation b also known as the law of Biot-Savart. 
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are all made equal to unity, / is likewise unity, from which it 
follows that the abampere is a current of such magnitude thai if 
it flows in a straight wire 1 c?n, long, placed perpendicular to 
the lines of force of a viagnetic field having a flux density of one 
gauss (one line per square centimeter), the wire wiU experience 
a side thrust of one dyne. As will be shown later one abampere 
is equal to ten amperes; i.e., 

1 abampere = 10 amperes. 

Equation (7) serves to determine the strength of the magnetic 
field set up in the vicinity of a wire. For if w = 1 in equation 
(7), the value of df becomes equal to the force acting on a unit 
pole, and this, by definition, is the field intensity at the point 
occupied by the unit pole. Hence 

,,, dB Idl sin 6 
dll = = , - 

n r^ 

or 

dB = , ^"^^ ;:" ' (10) 

where n is the permeability of the medium surrounding the wire, 
and which is assumed to be constant. 

Let it be required to find the flux density at a point P, Fig. 86, 
at a perpendicular distance p cm. from a straight wire {h + h) 
cm. Ions, 1 1 and /o being the lengths of the portions on either side 
of the perpendicular lin(» p. If the current in the wire is / 
abamperes, the flux density at the point P due to an element dl 
is, by (10) 

. _ M Idl sin 6 _ iJLp Idl 

~ /*- + //- ~ (f' + p-y^' 
and the total flux density is 

/•Mi 
B = upl j .^, _^ ^^,^,.; = ^^^^(sin ao + sin ai) (II) 

If the wire is infinitely long in both directions, sin ^2 = sin ai 
= 1, and 

^ = ; (12) 
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Example. — ^A storage battery having a discharge rating of 
.0,000 amperes is connected to the switchboard by copper bus- 
jars which have a cross-section of 1 in. by 10 in., and which are 
spaced 6 in. center to center, the 10-in. faces being in parallel 
vertical planes. Assuming that the current may be considered 
to be concentrated at the center of 
cross-section, what must be the dis- 
tance between supporting brackets in 
order that the bus-bars may not de- 
flect more than ^ in.? 

Let Fig. 10 be a cross-section of the 
bus-bars. Assume that the bus-bars 
are sufficiently long so that for all 
practical purposes they may be con- 
sidered as infinite in length. The 
current flows in the direction indi- 
cated. The flux density at the center of bus-bar b due to the 
current in a is, by equation (12), since m =1) 




»«- 



6" 



Fio. 10. — Section of bus-bars. 



J5 =— = 



2/ 2 X 10,000 



p 6 X 2.54 X 10 



= 131.2 gausses 



and the lines of force have the direction shown by the dotted 
arrow. Using the left-hand rule, the direction of the force on b 
^beto the right; similarly, the force on a will act toward the 
Wt, the direction of these two forces therefore agreeing with the 
Imown fact that parallel conductors carrying currents in opposite 
directions mutually repel each other. 
Theforce per inch of length on bus-bar b is then, by equation (8) , 

i^Bii ^ 131.2 X 2.54 X J^^ = 333,333 dynes per in., 

= 0.749 lb. per in. 

Each bus-bar is then equivalent to a uniformly loaded beam, 
^Wch, for simplicity, may be considered to be like a beam fixed 
at the ends, the ends being the points of attachment to the sup- 
porting brackets. It is proved in books on Mechanics that the 
deflection of such a beam is given by the formula 

^ " 384£'/ 

2 
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where w is the load per unit length, I is the length between sup- 
ports, E is the modulus of elasticity of the material of the beam, 
and / is the moment of inertia of the crossHsection. The latter 
is equal to / = K2^A'i where b is the width of the beam (10 in. 
in this problem) and h is the depth (1 in.). Substituting S = 
Ji in., w = 0.749 lb. per in., jB = 15 X 10* (the value for hard- 
drawn copper), and / = ^2^^' — %i ^ is foimd to be 200 in. 
= 16 ft. 8 in. 

11. Unit Current. Unit Quantity of Electricity. — The absolute 
unit of current defined in the preceding article is the abampere/ 
but in practice the unit ordinarily used is the ampere, which is 
taken one-tenth as large as the abampere. The definition pre- 
viously given does not readily lend itself to the accurate measure- 
ment of current, consequently the ampere is defined as that 
unvarying current which will deposit silver at the rate of 0.001118 
gram per second from a solution of pure silver nitrate, imder 
certain prescribed specifications. Under like conditions the 
abampere will deposit ten times as much silver per second. 

Unit quantity of electricity in the absolute system of imits 
may then be defined as that amoimt of electricity which will 
pass a given cross-section of a conductor in one second when the 
current strength is one abampere. This unit of quantity is 
called the ahcouLomh, In the ordinary or practical system of 
units, unit quantity is t at amount of electricity which will pass 
a given cross-section of a conductor in one second when the cur- 
rent is one ampere; the name of this practical unit of quantity is 
the coulomb. It is readily seen that 

1 abcoulomb = 10 coulombs. 

In general, if the rate at which electricity passes a given cross- 
section of a conductor is varying, the current is 

Q 

which becomes / = .if the flow is unvarying. 

12. Magnitude of Induced E.M.F. — Unit difference of elec- 
trical potential in the absolute electromagnetic system is said 
to exist between two points in an electrical field or in an electrical 
circuit when unit work (the erg) is expended in moving unit 
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luantity of electricity (the abcoulomb) from the one point to 
Jie other. This unit is called the abvoU. If, then, Q abcoulombs 
ue moved from one point in a circuit to another point whose 
electrical x>otential differs from that of the first point by E 
ftbvolts, the work done is 

W ^EQ ergs 

[f this work is done in a time t seconds, the power, or rate of 
doing work, is 



W Q 
P = — = E-- = EI ergs per second 



since Q/t = I (Art. 11). 



(13) 



'■"/•ec. 




Fio. 11. — Moving conductor in a magnetic field. 

Consider now the circuit of Fig. 11, and let the wire ab of 
length I cm. move to the right with a veV^oity v = ds/dt cm. per 
second. There will be generated in thel^ire an e.m.f. of, say, E 
abvolts, in accordance with Faraday's law, and a current of / 
abamperes will be set up. The power developed will be EI ergs 
per second and the energy developed during a time dt will be 

dW = Ei dt ergs 

The current / in the wire ab will produce a thrust of 

/ = Bit dynes 

acting toward the left, hence the work done in overcoming this 
force through a distance ds will be 

dW = fds = Bllds 

and by the principle of the conservation of energy 

KI dt = Bllds 
or 

E = Bl ds/dt = Blv abvolts (14) 
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But the expression Blv is numerically equal to the number of 
^ines of force cut per second by the moving wire. Hence On 
v/ e.m.f. (in absolute units) is equal to the number of lines of Jortz 
cut per second. 

In the above discussion it was tacitly assumed that the mag- 
netic field swept across by the moving wire was uniform, and by 
supposition the velocity was constant. But if the field is not 
uniform, and if the velocity is variable, equation (14) still holds 
rigidly true; the e.m.f. will simply vary from instant to instant 
in such a manner that the equation is continuously satisfied. 

Let the wire start from position Oibi and move to position 
0262. The flux originally Unked with circuit aibicd is 

<t>i = Blsi 

and in the final position the flux enclosed is 

■ </>2 = Bl(si + s) 

The change of flux during the movement is 

<^ = <^2 ~ <^i = Bis 
and if this change occurs in t seconds the average rate of change is 



i - B>l 



"7 aJi" — ■IjiVai.fragf — I^ average 



which, in words, states that the average induced e.m.f. is equal to 
the average rate of change of flux linked with the circuit. If the 
rate of change of flux is not uniform, the resulting variable e.m.f. 
will at any instant be given by 

^' " dt 

which is a general form of the equation expressing Faraday*s law. 

If the circuit linked with the flux has .V turns, the absolute 

e.m.f. induced by a change in the flux will be at any instant 

h = A . abvolts 

so far as its numerieal vahie is eoneenied. But since, by Leni's 
hiw, tlie induced e.m.f. always tends to set up a current in such a 
direction as to oppose the inducing action, it follows that a 
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positive increment of flux through the circuit will induce a nega- 
tive e.m.f., and vice versa. Hence 

E = -A^^*abvolts (15) 

The unit of electromotive force in the absolute system of units 
is determined by either equation (14) or (15). Thus, referring 
to (14), if a conductor cuts one line of magnetic force per second, 
the induced e.m.f. will be 1 abvolt; or, by (15) if a closed coil 
of a single tiun links with magnetic flux which changes at the 
Tate of one line per second, the e.m.f. induced in the coil will be 
1 abvolt. 

The abvolt is inconveniently small for practical purposes, so 
that the practical unit, the volt, is taken 10^ times as large as the 
abvolt; that is, 

1 volt = 10* abvolts, 
and equation (16) when converted into practical units, is 

E = -AT^* X 10-8 volts (16) 

at 

Since the power in a direct-current circuit is 

P ^ EI ergs per second 

I when E and / are expressed in abvolts and abamperes, respec- 
I, tivdy, this expression becomes 

1 P = (E X 10«) (j^) ^ EI X W ergs per second 

■ when E and / are expressed in volts and amperes, respectively. 
'■• But 10' ergs per second are equivalent to one watt, so that 

EI 
P ^ EI watts = ^^}.^ kilowatts 
I 1000 

' Definite standards of electromotive force arc provided by 
^' certain voltaic cells, which are widely used for calibrating volt- 
inetere. The standard Weston cell has a constant electromotive 
force on open circuit of 1.01830 volts at 20° C, and the Clark 
cell has an open-circuit e.m.f. of 1.4328 volts at 15° C. Standard 
specifications for the construction of these cells are given in the 
Bulletin of the Bureau of Standards, Vol. 4 (1907). 
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13. Resistance. Ohm's Law. Jotde's Law. — When a source 
of electromotive force such as a primary or secondary battery 
is connected to a conducting circuit in such a manner as to pro- 
vide a closed path that includes the battery and the external 
conducting circuit, the resultant flow of current is accompanied 
by the evolution of heat in all parts of the circuit and the energy 
thereby dissipated is supplied at the expense of the chemical 
energy of the battery. The evolution of heat is caused by the 
flow of current through the electrical resistance of the circuit, the 
resistance in the electrical circuit being analogous to the f notional 
resistance to the flow of water in a hydraulic circuit. In a 
homogeneous conductor of length I and cross-section a, the re- 
sistance is directly proportional to the length and inversely pro- 
portional to the cross-section, or 

I 
r -= p 
a 

where the proportionaUty constant p is called the resistiviiy of 
the material; the formula shows that if I and a are both equal to 
unity, r = p, so that the resistivity is the resistance of a portion 
of the material in question which is of unit length and unit cross- 
section. For any given material p is constant at a given tem- 
perature, but is in general a function of the temperature. An 
approximate relation between resistivity and temperature is 

p = po (1 + at) 
where po is the resistivity at 0° C. and t is the temperature in deg. 
C. corresponding to the value p. The factor a is a constant called 
the temperature coefficient, and is positive in some materials, 
negative in others; in some alloys a is practically equal to aero, 
such substances being particularly useful in the construction of 
instruments or other devices in which it is desired to have the 
resistance independent of temperature changes. 

If a simple closed circuit is adjusted to have a fixed value of 
resistance, and the e.m.f. acting in the circuit is varied, the ciu"- 
rent will be directly proportional to the e.m.f. This experimental 
fact is called Ohm's law. It is expressed by the formula 

/ = I (17) 

or JE = IR 
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where R is the resistance of the circuit. If E and / are expressed 
in volts and amperes, respectively, R will be expressed in ohms; 
if E and / are respectively abvolts and abamperes, R will be 
expressed in abohma. The unit of resistance may therefore be 
defined as a resistance of such magnitude that unit e.m.f. will 
produce in it a unit current. 

It will be observed from equation (17) that the three units 
of e.m.f,, current and resistance are definitely related to one 
another, and that if any two of them are arbitrarily defined the 
third is fixed in terms of -the two first chosen. By international 
agreement, the two units chosen as bases are those of current and 
resistance; the unit of current, the ampere, has already been 
defined as that which will deposit silver, under definite speeifica- 
lions, at the rate of 0.001 1 18 gram per second; the unit of resist- 
ance, the ohm, is defined as the resistance oflfered to an unvarying 
electric current by a column of mercury at the temperature of 
melting ice, 14.4521 grams in mass, of a constant cross-sectional 
area and of a length of 106,300 cm. 

In a circuit in which an e.m.f. E volts produces a current of / 
amperes, the power, or rate of doing work, is 

P = EI watts = EI X 10' ergs per second. 
But from Ohm's law E = IR, so that 

P = PR X 10' ergs per second 
which represents the power absorbed in Ihe resistor whose re- 
sistance is R ohms. In a time ( seconds, during which the current 
remaina constant, the energy supphed to the circuit, and all of 
which appears as heat, is 

W = Pl = I*Rt X 10' ergs. 
Since 10' ergs are equivalent to 1 joule, and 1 joule per second is 
equivalent to one watt, the above expressions can be written 
ir = /'fit joules I 

/' = i'/i watts ) ^■^' 

These equations are the mathematical expression of Joule's Law, 
which may be stated by saying that the total heat developed in a 
n-.-itfltor in a given time is proportional to the resistance and to 
i law was first enunciated by 
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Joule, about 1843, and his experiments also led to the detennina- 
tion of the mechanical equivalent of heat (Joule's equivalent), 
namely, that 4.19 X 10' ergs of work are required to raise the 
temperature of 1 gram of water 1** C. 

14. Electromotive Force and Potential Difference. — Consider 
a battery, either primary or secondary, which is on open circuit. 
The chemical action in the cells produces an electromotive force 
\\w result of which is to cause a displacement of electrons, which 
are ultimate particles of negative electricity, away from the posi- 
tive terminal and toward the negative terminal. On the negative 
terminal there is then a surplus of negatively charged electrons. ( 
and on the positive terminal a deficit of electrons, in comparison 
with the number that would normally exist on them when 
there is no l>attery electrolyte. The difTerence of condition 
between the two electrodes is much the same as that which would 
exist betw(»(»n two closed flexible chambers, connected by an 
air pumj) in such a way that air is pumped out of the one and into 
the other. Just a.s the difTerence of pressure between two cham- 
bers tends to (equalize itself by a backw^ard flow of air from the 
region of high piessure to the region of partial vacuum, but is 
prevented from so doing by the pump action as long as the latter 
is in opeiation, so the excess of electrons on the negative terminal 
tends to flow back to the partial electrical vacuum at the positive 
terminal but is proventcnl from doing it by the chemical action 
of the batt(Ty. I^ach particle^ of air in the compression chamber 
is repelled by all the other particles that are present, giving rise 
to a disruptive tendenc^v that will cause an explosion if the proc- 
ess is carrir'd far enough. Quite similarly, each electron on the 
negatively charged terminal is repdhnl l)y all the other electrons 
there present, in accordance with the well-known fact that like 
ciiarges n^pel one anotlier; Ikm'c also there exists an electrical 
disruptive tendency whicii will cause a l)reakdown of the insula- 
tion between terminals if i\w process is carried sufficiently far. 
and the e(|ualizatioii of electrical pn*ssure, when it occurs, is 
accompanied by \\w formation of the familiar spark discharge. 

In tlie pneumatic case discussed jil)ove, there is no particular 
name to describe the pumj) action. The i)ump simply keeps 
up the transfer of jiir from the sucti(m chamber to the compression 
chamlxT until the tendency to <lischarge backward through the 
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pumpis jiist balanced by the action of the pump itself ; thereupon 
the transfer of air ceAses, and the system is in equilibrium. But 
in the electrical case the battery action which causes the transfer 
cif electrons from the positive terminal to the negative is called 
the elf etromolive force of the battery, and the resulting difference 
(if electrical pressure between the terminals is called the difference 
of eledrieal potential, or simply the potential difference (abbre- 
viated as p.d.). It is quite clear, therefore, why there is always 
a tendency to produce a flow of current between points which 
have between them a difference of potential; it is simply a 
result of the mutually repelling forces between the electrons 
on the negatively charged terminal. 

\Vhen equahzation of electrical pressures takes place between 
two terminals, the flow of electrons takes place through the 
connecting conducting circuit in the direction from negative 
to positive terminal. Unfortunately, the accepted terminology 
refers to this flow of current as taking place from positive to 
negative, this usage having become firmly established before 
the development of the modern electron theory. 

It is likewise unfortunate that the term electromotive force 
waa adopted to fit the action described above; for electromotive 
force is nnl a force in the ordinary sense of that word. Force is 
inc'o/(-ed in the notion of the action represented by the terra elect ro- 
Ttiotive force, for when electrons are transferred from the positive 
to the negative terminal, as in the case discussed above, force is 
ri-<[uired to move each electron against the repelling action of all 
electrons previously transferred, just as the force exerted by the 
air pump must increase as the pressure in the compression cham- 
ber rises. But electromotive force la the cause of the transfer of 
electrons, and difference of potential between the terminals 
is the Tc«uU, and both cause and eff'ect are measured in terms of 
the same unit, the abvolt in the absolute system, the volt in 
ChA practical sj-st-em of units. Referring to Art. 12, it will be 
1 that a difference of potential of 1 abvolt between two 
means that work to the extent of 1 erg must be 
I to transfer I abcoulomb from the one terminal to the 
!r; and, similarly, it is true that 1 joule must be expended 
■iAuurfer 1 coulomb of electricity between terminals which 

pe Iwlwpcn Iheni a difTcreuce of potential ut 1 volt, t'onse- 
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quently both e.m.f. and p.d. are of the nature of worh-per-unit- 
charge J and this is not the same as force. 

All that has been said about the e.m.f. of batteries applies 
equally well to e.m.f s. induced by electromagnetic action. Id 
the case of the battery, the primary cause of the action is the 
chemical reaction between the materials of the cells; in the case 
of electromagnetic action the transfer of electrons is caused by 
some unknown reaction between the electrons in the conducting 
wire and the ether stresses that constitute the magnetic field. 

The words *' positive" and "negative" as applied to electrical 
circuits are carried over from the two-fluid theory of electricity. 
The electron theory is in many respects the same as the one-fluid 
theory of Franklin, except that what he called positive electricity 
is now known to be negative, and vice versa. According to the 
electron theory, the negative terminal is at a higher potential 
than the positive, and the flow of electrons in a circuit connecting 
them therefore takes place from negative to positive. But in the 
usual terminology, the flow of current is said to take place from 
positive to negative, and the positive terminal is, accordingly, 
arbitrarily assumed to be of higher potential than the negative. 
Consequently, when current flows out of a battery through a 
closed conducting circuit, and back again through the batter}', 
there is a fall of potential along the external circuit from the 
positive to the negative terminal, while within the battery there 
is a rise of potential from the negative to the positive terminal, 
this rise being due to the electromotive force. 

15. Generalized Ohm's Law. Series and Parallel CircuiU,— 
Let Fig. 12a represent a simple circuit consisting of a battery 
(or other source of e.m.f.) whose e.m.f. is E volts and whose in- 
ternal resistance is r ohms; and let the external circuit be a con- 
ductor of resistance R ohms. The total resistance is (r + R) 
ohms, and by Ohm's law the current through all parts of the cir- 
cuit will be 

K 
I = , ^ amperes. 

This equation may be written 

£ = /r + IH 

and in this fonn asserts that the entire electromotive force of the 
source is used in supplying (I) the drop of potential in the source, 
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represented by Ir, and which is analogous to the drop of pressure 
that occurs in a pump when it is causing a circulation of water; 
and (2) the drop of potential in the external circuit, represented 
by the terra IR. The latter term is obviously equal to the diffcr- 
ence of potential, V, that exists between the terminals, and which 
can be measured by a voltmeter. The expression can then be 
written 

V = IR = E - Ir (19) 

which states that the difference of potential between the terminals 
is equal to the e.m.f. of the battery less the drop of pot€ntial in 
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the battery; in the particular case where the external circuit is 
open (fi equal to infinity), the current will be zero, whence V = 
E. The equation can also be written 

E ~ Ir~IR = 0, (20) 

which may be interpreted to mean that there is a rise of potential 
(taken as positive) through the source, caused by theactivee.m.f., 
and a drop or fall of potential (taken as negative) through the 
passive resistances t and R. 

The case discussed above refers to the conditions in a circuit 
containing an active source of e.m.f. and a passive receiver cir- 
cuit. Suppose, however, that we have a storage battery (Fig, 
126) whose e,m.f. is E volts and which is being charged from some 
other source through a circuit between whose terminals there is 
maintained a constant difference of polential of I' volts. The 
active e.m.f. of the battery {E) opposes V, hence V must be great 
enough to overcome E and at the same time supply the drop of 
potential through the battery resistance r; that is 

V = E-irIr (21) 

) (19), (20), and (21) are more general forms of Ohm's 




28 PRINCIPLES OF DIRECT-CURRENT MACHINES 

law than equation (17), and are therefore occasionally referra 
to as the generalized Ohm's law. 

While simple series circuits of the type discussed above an 
often encountered in engineering practice, most circuits are some 
what more complex, and consist of series circuits, parallel cir 
cuits, and combination or series-parallel circuits. 

When a number of resistors are connected in series relation 
the total resistance of the entire circuit is the sum of the individ 
ual resistances, or 

« = ri + rj + rs -h . . . (22 

where R is the total resistance and ri, r^, ra, etc., are the values o 
the individual resistances. If a direct current of / amperes flow 
through such a circuit, the total drop of potential from th 
positive to the negative terminal is 

V = IR = Ir, + /r2 + /rs + . . . 

= Vi + V2 + Vz + . . . (2S, 

where vi^ t;2, Vz, etc., are the drops across the individual resistors 
When a number of resistors are connected in parallel, the con 
ductance of the entire circuit is equal to the sum of the conduct 
ances of the individual paths, the conductance of a circuit beiiil 
the reciprocal of its resistance. 

.-. 1, = ^ +^ +^ + . . . (24 

K ri r2 Tz 

Conductance is represented by the letter G or g, hence 

O = Q\ + 92 + gz + ' ' . 
If the difference of potential between the terminals is V volUs 

/ = ]l = (^y = y(gi + 92 + g3 + - . .) 

V V V 

= + + +. . . 

Vl 7*2 rz 

= ii + 12 + iz + ' . . (25 

where z'l, 1*2, iz, etc., are the currents in the several paths. 1 
applying these formulas to actual circuits, it must be carefull; 
remembered that they are derived on the assumption that tb 
individual portions of the circuit do not contain active e.m.fs 
and that if active e.m.fs. are present, the above relations do nc 
in general hold true. 
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16. KirchhofTs Laws.— Circuits of the kind used in electrical 
ilistribution and in the inlprnal wiring of molora and generators 
:iri' iu many cases best described as networks. A network is 
characterized by a plurality of closed loops or meshes and a pliiral- 
Liy of junction points between the loops, in the manner illustrated 
by the simple three-wire system of Fig. 13. The solution of 
problems involving the flow of current in networks of conductors 
depends upon two experimental facts, known as Kirchkoff's Laws: 

1. The algebraic sum of the currents at any junction of the 
conductors in the network is zero. 

2. The algebraic sum of ihe potential dro|js around any closed 
loop in the nptwork is zero. 

The first of these two lawa is a slateinent of the fact thai the 
Auni of all the cuiTents flowing toward a junction point is equal to 
ihc sum of all the currents flowing away from that point. If 
■liis were not true, the electrical charge at the junction point 
.(•uld steadily change and the potential i>f the point would 
lUange correspondingly; no effect of this kind has ever been 
observed under steady conditions of operation. 

In applying the second law it is convenient to make a diagram 
of the network and to give to each active e.m.f. (such as that 
from a battery or dynamo) an appropriate symbol to indicate 
\\a magnitude and an arrow to indicate the direction in which it 
acts; and each conductor is to be given a symbol to indicate the 
magnitude of the current flowing in it, and an arrow to indicate 
the OHSMmeii direction of the current flow. Let it be agreed that 
the clockwise direction around any closed loop of the network 
shall be considered to be the positive direction through the cir- 
cuit (though cases may arise when it might be more convenient 
to select the counter-clockwise direction as the positive one). 
Then any active e.m.f. that is directed positively around the loop 
!-■ to be given the positive sign; it may in that case be considered 
Uj produce & rise of polential in the positive direction. A cur- 
rent of / amperes flowing in the positive direction through a 
reviistor of r ohnia will produce a fall or drop of potential of ir 
vulls, which must, accordingly, !>e tiwited as negative. 
ui^xampte.—rFln. 13 rcpri-sents a storage bafterj' connected to 

hree-wire system, the "neutral" wire c being connected to tJie 
I point of the battery. Each half of the battery has an 
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e.m.f. of 115 volts, directed as shown. A and B are the loads 
which are supposed to consist of lamps, heaters, or other devices 
which do not contain an active e.m.f., and have resistances of 6 
and 8 ohms, respectively. The outer wires, a and b, have each a 

. resistance of 0.1 ohm, and 



0.1 Ohm 



0.6 -^ , 
Ohin~=~l 115 VolU 



0.2 Ohm e 



0.5 -^i 



01ini~=~ 



115 Volts 



Ohms 



0.1 Ohm 



8 Ohms 



Fio. 13. — Net- work of conductors. 



~\ the neutral wire c has a 

resistance of 0.2 ohm. 
Each half of the battery 
has a virtual internal re- 
sistance of 0.5 ohm. It is 
required to find the current 
in each of the supply lines. 
From the first law, the 
sum of the currents entering point P must equal the sum of 
the currents leaving it; hence, from the assumed directions of 
current flow 

ta + te = tb 

From the second law, referring to the upper loopof the diagram, 
+ 115 - fa(0.5 + 0.1 + 6) + 0.% = 
And referring to the lower loop 

+ 115 - 0.2tc - t6(8 + 0.1 + 0.6) = 
From these three independent equations it is easily found that 
ia = 17.31, t6 = 13.47 and ie = - 3.84. The meaning of the 
negative sign of ie is that that current actually flows in a direction 
opposite to the assumed direction. 



(«) 



(6) 

Fig. 14. — Scrics-porallol circuit. 



(O 



Example. — ^To illustrate the effect of active e.m.f8. in one or 
more of the branches of a divided circuit, consider the circuits 
represented in parts (a), (6), and (c) of Fig. 14. 

(a) The total resistance of the circuit of Fig. 14a is 

R - r + - -.- 
ri + ri 
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ind the total current is 






V 
R 



r + 



Turther, 



. ^ V -It ^ 



Ti + n 



Ti 



u = 



V -It 



V r. 



ti ^ rj 
(b) Applying Eirchhoff 's laws to Fig. 14b, 

F = /r + tVi 



Whence 



n = 



ii = 



r (ri + r^S + rir, 
Fri + E iT 
r(ri + r2) + Tit^ 



V -El 



r^ 



I = 



Ti + rj 



r + 



r\r% 



ri + r2 

From these equations it is clear that the branch currents ii and 
Is are no longer inversely proportional to the resistances of the 
branch paths, and also that the total current is not equal to the 
impressed voltage V divided by the resistance as computed in (a). 
(c) Applying EirchhofiTs laws to Fig. 14c, 

/ = ii + fj 

7 = /r + iifi + El 

7 = /r + HTt + E^ 



whence 



ti = 



r(ri + r2J + rir2 
r(ri + r2) + rir2 



/ = 



r(ri + r^) + rir2 
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Here also it is plain that the division of current between the 
parallel brancrhcs does not follow the inverse law when Ei and 
Eo have different values. But if Ei and £3 are mimerically 
equal and are of the name sign, that is, if 

it follows that 

ii ^ Vro - E(r + rj) + Er ^ rt 
H Vr,- E{r'+r{)+Er ri 

and 

ri +r2 

in which case it is seen that it becomes permissible to combine the 

resistances in accordance with equations like (22) and (24). 

17. Magnetic Potential. — ^Let Fif?. 15 represent two magnet 

poles of strengths m and m' units, respectively, separated by a 

VflM 

distance x cm. Each will repel the other with a force of • 

dynes. Ij(»t one of the poles, as ?n', move a distance dx under the 
influence of this force, then work will be done to the extent of 

ah = 2 • "J^<*rgs 



m m' 

•< — — X- — -•- >•- 



— r >- • fix 



I 



Vui. \'t. DftorniiiiHtion of potential onorfcy of two magnet poles. 

The entire amount of th(» work done in separating the two poles 
to an infinit(» distance, from an initial separation of r cm., is 

^ = I « ''-r = <^rgs ^26) 

Since no work has been done upon tlie system by any outside 
agency during this process, tlie work represented by the expres- 
sion ' ' must have come from the system itsi»lf, and therefore 

/• 

represents tlu» storai or i>oUntial efunjy of the two poles in each 
other's j)resence. It n^presents also the amount of work or 
energy riHiuinMl to bring one pole from an infinite distance into 
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B presence of the other, with a separation of r cm. ; for this is 
ven by 



U 






i-dz) = 



mm 
r 



+m 



r the same as before. If in' = 1, the expression becomes 

;' which represents the potential energy of a unit magnet pole 

»laced r cm. from a pole m; or it is 
he mcLgnetic potential due to a pole m 
kt a distance of r cm. from the pole. 

The work required to move a unit 
nagnet pole from one point to another 
n a magnetic field can be calculated 
IS follows: 

Let Pi Fig. 16, be the initial, and 
^2 the final position of the unit pole, 
ind let the path between them be any 
lurve whatsoever. At any general point on the curve, distant r 

m. from m,the force will be «' and the direction of this force will 

r* 

e displaced from the elementary path ds by an angle 6, The 
ork done over the distance ds will be 




Fia. 16. — Determination of 
difference of magnetic potejQ- 
tial between two points in a 
magnetic field. 



m 



m 



dU = -zds cosB = „dr 
id the total work in going from Pi to P2 will be 



-- - r- 



dr = '-'^ - 



m 

ri 



r2 



(27) 



ut — is the magnetic potential at Pi, and — is the magnetic 

otential at P2. Hence the work done by the agency producing 

le magnetic field upon a imit magnet pole which moves from 

tie point to another in the field is simply the difference of mag- 

etic potential between the points, and is independent of the 

ath followed in the travel from one point to the other. 

If the magnetic potential of the terminal point of the travel is 

igher than that of the starting point, work must be done by an 

eternal agency to produce the motion of the unit testing pole, 

ad the work so performed reappears as increased potential 
3 
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energy of the system. If such a system is left to itself, the stored 
energy will be dissipated by the separation of the poles under the 
influence of their mutually repelling forces, provided the poles 
are free to move. 

If, in the above discussion, the pole + m is replaced by an 
equal pole of opposite sign, or — m, all of the expressions for the 
forces and potentials will be reversed in sign. Repulsions become 
attractions and work done by the system becomes work done 
upon the system. This case is entirely analogous to that of two 
heavy particles of ordinary matter which attract each other with 
a force proportional to the product of the masses of the particte . 
and inversely proportional to the square of the distance between | 
them. In the case of attracting magnet poles the magnetic poten- 
tial energy is the work required to move one pole to an infinite 
distance from the other; in the case of attracting graviiaiiond 
masses the gravitational potential energy is also the work re- 
quired to move one of them to an infinite distance from the other. 
On the one hand the work is done by moving magnet poles in a 
magnetic field; on the other hand by moving gravitating matter 
in a gravitational field. 

It appears from the above derivation of the expression fcff 
magnetic potential at a point that its value is independent d 
direction. Magnetic potential is a scahg: quantity as distin- 
guished from vector quantities like field intensity, forces, etc 
But there is an interesting relation between magnetic poten- 
tial and field intensity, as may be seen from the following 
considerations: 

The magnetic potential at a point distant r cm» from a point 
pole of strength m is 

jr m 
r 

Differentiating U with respect to r, 

dU _ _ ^i 
dr r* 

But 5 is the field intensity H at the point due to the pole m, hence 
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Zd gCDeral, if [7 ia the msgnetic potential at a point, and U is 
expressed as a function of the coordinates of the point, the first 
derivative of the function, taken with respect to any general 
direction p, will be equal, with a change of sign, to the component 
of field intensity in the direction p; that is 

18. Equipotential Lines and Surfaces. — The locus of all points 
in a magnetic field which have the same magnetic potential is 
i;i!lcd an equipotential surface. Linear (or curvilinear) elements 
111 such a surface, connecting points of equal potential, are called 
iijuipolcniial lines. No work is required to carry a magnet pole 
from point to point in an equipotential surface or line. It 
follows, therefore, that the lines of force must intersect the equi- 
]>ot(-ntial surfaces at right angles, for if they did not there would 
he a component of force acting along the tangent to the equi- 
potential surface at the point of intersection, consequently work 
would be required to move the pole along the surface, which is 
contrary to the assumption. 

19. Field Intensity Due to a Circular Coil.— Let P, Fig. 17, 
represent a unit magnet pole on the axis of a plane circular coil 
I jf .V turns and radius r cm. Let P be z cm. from the plane of the 
I oii, and let the current in the latter 
lif- / abamperes. Then the force act- 
ing on an element dl of the coil is, 
by equation (7), 

acting in the direction indicated in 
the figure; and the pole is acted 
upon by an equal force in the opposite fk. i7.-Fieid mwnBiiy on 
direction. Resolving this force into "«» of "oil- 

rninponenta respectively parallel to, 

and perpendicular to, the axis of the coil, it will be clear that the 
sum of all the pcrpondicalar components is zero since for each 
dement of the coil which gives rise to a perpendicular component 
of force in one direction, there is a diametrically opposite ele- 
ment which produces an equal and opposite component. 
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The axial component of df is 



.„ Nidi 
da = „- . - « cos a = 



r^ + x^ 



Hence 

H = 



Nrldl 



)Vo 



dl = 



2irNIr^ 



2irNIr* 



NIr 

At the center of the coil, where x = 0, 

2tNI ^2t m 
10 



(30) 



^ ^{H = H = 



(31) 



r lu r 

from which it follows that the absolute unit of current (abam- 
pere) may be defined as that current which, when flowing in a 
circular coil of one turn and 1 cm. radius, will act upon a unit 
magnet pole at the center with a force of 2ir dynes. 

20. Field Intensity on the Axis of a Solenoid. — ^Let Fig. 18 
rcpr(»sont a solenoid of N turns uniformly distributed over the 
length I cm. It is desired to find the field intensity at a point 
P on the axis, distant D cm. from the center of the solenoid. 

Consid(T an elementary section of the solenoid dx, distant x 

cm. from P. The element may be considered as a plane circular 

N 
coil of . dx turns; the field intensity due to this elementarj' ring 

at the point P is, by equation (30), 



dH = 



2t (^y dx) Ir^ 



10(r2 + x'-y^ 
and the total field intensity is then 



// = 



27r NI 
10 / 



2w 
10 



2 




dx 

"(r2 + x^y^ 



+ D 



I 
2 



- D 



L^(!^^oy^f+{l-D) 



(32) 



At the center of th(^ solenoid, where D = 0, this becomes 

2tNI 
Hi) — 



loJr2 



+ 



i' 



oensrAl-laws and definitions 

;h reduces to 



is large compared with r. 



J.^_____ 


t^- 




•■ — ■ — J 


s- J ' 




, ' 


— J 



Fio. 18. — Field intenaity on vds of solenoid. 



Vt the ends of the solenoid, where H = n' 
„ „ 2tJV7 



haU as great as at the center, provided i is large compared 
hr. 



/' \r 


l_ T 




a= 


t 






^r \__ 


< 1 »- 



Fto. 19. — Vamtion of field intensity nlong ax'a u( solenoid. 

Fig. 19 shows the variation of H along the axis of a solenoid 
lose length is twenty-five times its rndius, i.e., . = 0.04, The 
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very nearly constant over the greater part <rf the axifi, and tlut 
it falls ofT abruptly near the ends. 

The physical interpretation of these facts concerning the varit- 
tion of H along the axis is as follows : For some distance on eitha 
side of the middle section of the solenoid the lines of force inside 
the winding are nearly parallel, hence the field is nearly unifonn 
and H will be practically constant; near the ends of the solenoiii 
the lines diverge in the manner indicated in Fig. 1, and tbe 
greater the divergence the more rapidly will H decrease. 

21. Magnetic Potential on the Axis of a Circular CoiL — It fau 
been shown in Art. 19 that the field intensity on the axis of a ci^ 
cular coil, at any distance x from 
the plane of the coil, is given by 

" ~ (r« + *«)« 
this being tfie force in dynes that 
would act upon a unit magnet 
pole placed at the point. With 
the current flowing as indicated in 
Fig. 20, the unit (positive) pole 
would be urged to the left, or 
toward the coil. To move the pole to the right over a distance 
dx there must be expended 

,,r „j 2xNIr*dx 
dU = Hdx = ^^r+^H ^^88 

of work, and the total work required to move the unit pole out to 
infinity from a point distant D cm. from the coil is 

U = 2irJV/r» I v,_f^,,a 2= 2wNi(l - /^yrtii ) 
Jd (r' + i')« V Vr' + D'J 

= 3irJV/(l-c08a) (34) 

where a is the semi-angle of the right cone subtended at tbe punt 

P by the coil. But 2t(1 — coa a) = w is the solid angle at tin 

vertex of the cone, hence 

U -wNl (86) 

If the test pole had been of strength m units, the work done 

would have been m times as great as the above amount, a 

t7« - «mJV/ (3«) 
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Thi; expression U, equation (35), is the magnetic potentia! at a 
general point on the axis of the coil; it represents the work re- 
quired to move a unit pole from the point out to an infinite 
distance, when the current flow is as indicated. If the current ia 
reversed, U becomes the work required to bring the unit pole from 
an infinite distance up to the point in question. 

22. General Expression for the Magnetic Potential Due to a 
Coil of any Shape at any Point.— Equation (36) can be put into a 
more convenient form, as follows: The total flux emanating 
from a pole of strength m units ia 

* = Arm maxwells, 
for, if the pole is in air, the field intensity at a distance r cm. is 
H = -,' and the resultant flux density \s B = H = ^ gausses. 
The locus of all points at a distance of r cm, from m is a sphere 
wliose total area ia 4ti* sq, cm,, bo that the total flux across the 
surface of the sphere is 

* = B X area = ^ X 4jt* = 4irm 

It follows, therefore, since the flux * ia uniformly distributed 
over the entire surface, that the part of the flux, ip, within a 
solid angle w, is to the entire flux as u is to the entire solid angle 
ix, hence 

^ ^ u 
* 4ff 



F„ = ^NI = \I ergs (37) 

where X = ifiN, the product of the flux and the number of turns 
with which it Unks, is called the number of flux linkages. Or, 
m other words, the potential energy of a current in a magnetic 
fiold produced by some other agency is the product of the current 
(in abamperes) and the number of flux hnkages. 

'Hie above expression for the potential energy of a magnet pole 
Ti the presence of a current was derived by assuming a circular 
ijil and allowing the magnet pole to move along the axis of the 
■1.1]!. It can be shown, however, that the resulting equations (36) 



MM^ 
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and (36) are general. For let Fig. 21 represent a coil of any 
shape which may or may not be plane, and let « represent the 
solid angle subtended by it a1>a point pole m placed in any general 
position. Then the flux emanating from m and linking the coil is 

fp = wm maxwells 

Now allow the pole to move in such a manner that the solid an^e 

changes in magnitude by d» in a time 
dt. The flux Unked with the coil will 
change by 

d<p == m d(a 

and there will be induced in the coil an 
e.m.f. 




E = - N^f, abvolts 
dt 



Fio. 21. — MagDctic potential 

due to coil of any shape. ▼<• i • i r i -i 

If this change of nux occurs while a 
current of / abamperes is flowing in the coil, the work done is 
given by 

dW = - Eldt = Nidip = mA^/dw.ergs 

and the total work required to bring the pole from an infinite dis- 
tance (w = 0) to a point near the coil (w = w') is 

W = mNj I do) = ynu'Nl = ipNI = X/ 

or the same as equations (36) and 
(37). 

23. Magnetomotive Force. — 
Let Fig. 22 represent the side and 
front elevations of a plane coil of 
any configuration, carrying a cur- 
rent of / abanipcn^s, and let a unit 
magnet pole bo placed at a point 
F in the plane of the coil but out- 
side its boundarv. None of th(» 

ft' 

flux emanating from the po\(\ 

will i)ass through the coil, and 

therefore the magnetic potential at /^ is z(to. Now let the unit 

pole be carried along any path to a point Q infinitely close to the 

plane of tlu* (roil. The solid angle subtended at Q by the coil 




P ~ P 

Vw.. 22. — Closed path linking 
with coil. 
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2t, the magnetic potential at Q is then 2t Nl, and the difference 
magnetic potential between P and Q, that is, the amount of 
ork required to carry the pole from P to Q, is 2irNI ergs. If the 
ole is now carried back to P along any path which requires the 
)ole to be threaded completely through the coil, as Q^P, a further 
imount of work equal to 2tNI ergs must be expended, making a 
total of 4irNi ergs to carry the pole once around a closed path linking 
irith the coil. This is called the magnetomotive force (m.m.f.) 
of the coil. The imit of m.m.f. is called the gilbert. 

It should be particularly noted that m.m.f. is not a force; 
it is of the nature of work per unit magnet pole. It is exactly 
analogous to e.m.f., which is likewise not a force, but work per 
unit of electrical quantity (see Art. 14). 

Although the expression ^Nl has been derived on the assump- 
tion that the N turns are concentrated in a plane coil, the entire 
argument applies equally well to a coil of any shape whatever, 
including solenoids hke Fig. 1. Thus, in Fig, 1, the work re- 
quired to carry a unit magnet pole once around a closed path 
like Pi, linking all of the N turns, is 

4^NI = ^J NI 

Similarly the work required to carry a unit magnet pole once 

4ir 
around a closed path P2 is -y. N'l, where N' is the number of 

turns included by the curve P2. 

In Art. 20 it was shown that the field intensity at the middle 
point of the axis of a solenoid is 

„ _ AfwNI _ m.m.f. _ gilbe rts 
^ 10 I length centimeters 
^Wch explains the statement in Art. 4, that the unit in which H 
^ measured is the gilbert-per-centimctcr. 
From the last equation it follows that 

47r 
IIqI = ^..^'^ = ni.ni.f. 

^vhich means that if the field intensity wore constant all along the 
^xis and eciual to //,„ thc^ work rcciuirod to carry the unit pole 
from end to end of the solenoid would i)e 

•ITT 

force X distance = II ol = ...AV 

10 
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However, the field intensity is not constant along the axis, so that 
the total amount of work to describe the complete path Pi ci 
Fig. 1 is 

^ NI ^JhM (38) 

which states that the m.m,f. is the line integral of the magnetic 
force. 

It is interesting to note that the area imder the curve of 
Fig. 19, within the limits of I, represents the work required to 
carry a unit magnet pole through the solenoid from one end to 
the other, while the area of the rectangle enclosing the curve, 
within the same limits, represents the work required to carry 
the unit pole once around a closed path linking all the turns of 
the solenoid. It follows, therefore, that the area above the 
curve, but inside the rectangle, represents to the same, scale 
the work required to carry the magnet pole along the path from 
end to end of the solenoid, but outside of its windings. 

24. B-H Curves. — ^Hysteresis. — The field intensity at the 
center of the solenoid of Fig. 18 is 

„ 4^ NI 

To 1 gausses 

and if the lines of force passed straight through the solenoid 
parallel to the axis, and were uniformly distributed over th.^ 
area of cross-section A, the flux across any section would h^i 
assuming an air core, 

<l> = AH = — -f A maxwells 

Now let the solenoid be provided with an iron core of lengtS^ 
I cm. and cross-section A sq. cm., as in Fig. 3; induced poles o^^ 
strengths + m and — m will then be developed at the ends o^ 
the bar, and each of these poles will give rise to a field intensity 

at the center of the solenoid equal t o.^ and opposite in di- 
rection to H, The resultant field intensity at the center is 
then 

4^ NI _ 2m _ 47r NI 8m ,^. 

^ 10 I {1/2Y "16 I " l^ (^^ 




cb other words, the induced poles exert a demagnetizing effect 
upon the field which produces them. This demagnetizing or 
"end effect" becomes negligibly small if the solenoid and core 
are long, and will bo neglected in the remainder of this discussion. 
From the pole + m there will emanate iirm lines of force, all 
of which find their way back to the pole ~ m through the sur- 
rounding air. These lines of force may be assumed to be con- 
tiaued through the iron core back to the starting point. Inside 
tbe iron, therefore, the total flux consists of the original HA lines 
ot force and the iirm lines of induction, or 

^ = AH + 4vm 

Aasuming the flux * to be uniformly distributed oyer the cross- 
section A, the flux density is 

B =^ = H + iTj^ H(l+iw -^) = tJ.H (40) 

wiipre 

P = >, = 1 + 4x . r/ (41) 



AH 



isthe penneability of the material of the core. It is the ratio 
of tile flux density in the material to the intensity of the inducing 
field, and is therefore a measure of the specific magnetic conduct- 
!"Qce of the material. Its magnitude is dependent upon the 



pole to the intensity of the inducing field. The better the 
Mterial from a magnetic standpoint, or the more it is susceptible 
l« magnetization, the greater will be the strength of the induced 
P&le for a given inducing field, hence the ratio -. y. is called the 
mixjitibHUy. 

There is no known relation between m and H, so that it is 
"nposable to express either ^ or B in terms of H other than 
finpirically. The relation must be found experimentally for 
^h material. Curves showing the relation between B and H 
*K called normal B-H curves, or magnetization curves. Fig. 
-*(^0WB a number of such curves for several different kinds of 
Mnmiprcial iron and steel, and Fig. 24 shows the relation between 
fdudiiiify (l/ji), and the excitation in ampere-turns per inch, for 
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^B the same matmiUs whose B-H cuivfs are Bhuwn in 
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ampere-turns per inch 



H X 2,54 = 2.02 H 



practical calculations it is more convenient to deal with am- 
re-turns per cm. (or with ampere-turns per inch) than with H, 





11 1 ! i i 1 1 



n the value of the fonner quantity, conespoiiding lo a given 
*o[B, can be found, the total excitation (in ampere-turns) 
Iply the product of ampere-turns per cm, (or per inch) and 
li of tlie circuit, expressed in cm. (or in inches). Con- 
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sequently, magnetization curves are commonly drawn with 
(lines per sq. cm.) as ordinates and with O.SH (— ampero-tumfl 
per cm.) as abscissas; or, if English units are employed, th« 
curves are drawn with ordinates B X (2.54)' ( = lines per sq, in.), 
and with abscissas 2.02 H (= ampere-turns per inch). 

Hysteresia.—ljet Fig. 26 represent a sample of iron or steel io 
the form of a ring, upon which is wound a uniformly distributed 
magnetizing coil of jV turns and a "search coil" consisting of rfc 
turns of fine wire. Let the magnetizing coil N be connected^ 
through a switch and an adjustable resistance to a suitable source: 
of current, and let the search coil be eonnccted through a resist- 
ance to a ballistic galvanometer. Starting with the test samplft 
of iron entirely demagnetized, and with the exciting circuit open J 
let the adjustable resistance be set to such a value that on closin| 
the circuit a small current will flow. The current sets up i 
magnetic flux within the core, the flux cuts the turns of th^ 
search coil and induces in it a transient e.m.f., with the result tha*- H 
a single pulse of current is produced in the baUistic galvanometer , 
and the latter deflects. The first swing of the galvanometer L^ 
then proportional to the change of flux through the sample, and 
by properly calibrating the galvanometer the flux can be detei — 
mined; since the cross-section of the sample is known, the flu^* 

density B corresponding to the magnetizing force ff (= in i F 

is also determined. 

If the magnetizing current is now suddenly increased to a large*^ 
value by short circuiting a portion of the adjustable resistance ir:»- 
series with coil N, the increment of current will produce an in — 
crement of flux which can be computed from the new swing of th^^ 
galvanometer. In this way, increasing the current step by. step, 
there will be obtained a series of pairs of values of B and H, whicl 
when plotted, will be the normal B-H curve. 

Suppose that this process has been carried out, without i 
any time decreasing the current, until some particular value 
H, say Hna,., Fig. 25, has been reached, and that the magnetizi 
current is then decreased step by step until it is again zero, 
will be found that the curve of descending values of S and J 
does not coincide with the original curve, but hes above it, t 
shown in the figure. When the magnetizing current has t 
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reduced to zero, reverse the connections between the coil N and 
the source of current, and again increase the current (which must 
now be considered to be negative since its direction is opposite 
to that of the original flow) until a value of Hn^ax. has again been 
reached whereupon the current is again decreased in magnitude, 
step by step, imtil it is zero; then again reverse the connections 
between coil N and the source of current, and increase the cur- 
rent step by step until the magnetizing force is again equivalent 
to H^as.- The relation between B and H during this complete 
cycle of changes will have the form of the loop of Fig. 25. 

The form of the loop indicates that the changes in the mag- 
netization of the core lag behind the changes in the magnetizing 
force. This phenomenon is called hysteresis, the term being 
derived from a Greek word meaning " to lag behind. " Hysteresis 
is caused by a sort of molecular friction, hence represents dissipa- 
tion of energy, and if the successive changes in magnetizing force 
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Fig. 26. — Hysteresifl loop. 

occur with sufficient rapidity, as when the magnetizing current 
18 an alternating one, the molecular friction will manifest itself 
by a rise of temperatiu'e of the core. 

The amount of energy dissipated during one complete cycle 
can be shown to be proportional to the area of the hysteresis 
loop. Thus, in Fig. 25, let the magnetizing force increase from 
ff to (H + iH), and let the corresponding change in flux density 
be from B to (B + dB), The flux linked with the magnetizing 
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coil will change by the amount d^ = AdB, where A is the cross- 
section of the core, and the e.m.f. induced in the coil will be 

E = - N^]"^ X 10 « = AN^^X 10-» volts 
at at 

Since the current in the coil is 

10 HI 

47r 'N 

the energy consumed in the circuit in the time dt is 

Al 
dW = -EI dt X 10^ = ^ HdB ergs 

But HdB represents the area of the element indicated in Fig. 25, 
hence the total energy dissipated in the interval corresponding 
to the portion of the loop between points 1 and 2 is 



W = ^j (ndB 



where J^HdB represents the area 012P. 

During the interval between points 2 and 3 the flux is decreas- 
ing instead of increasing, while the current is in the same direction 
as before, so that energy is returned to the circuit instead of 
being absorbed. This returned energy is 



Al r^-03 

W = ^ I HdB 



where the integral represents the area 23P. The net energy loss 
during this part of the cycle is therefore proportional to the part 
of the loop 0123. Treating the remainder of the cycle in a similar 
manner, the total dissipation of energy (in ergs) is 

W = f ^ / HdB 

where Al is the volume of the core, and the integral is propor- 
tional to the area of the loop. 

The above expression cannot be integrated for the reason that 
there is no known relation between B and H\ but it has been 
found by Steinmotz that the relation between the hysteresis loss 
per cubic centimeter per cycle and the maximum value of the flux 
density is 

w = constant X (fima*.)^* (42) 



(:i-:xi:i!M. /..iirs .wd i>i:fi\it/u\.-< in 

wbiw tbe constant term depends upon the material of thu core 
{seeArt. 172, Chap. X). 
I 2E. The Law of the Magnetic Circuit. — Magnetic Reluctance.^- 
f- The demagnetizing effect of the ends of the core of Fig. 3, referred 
to in the preceding section (equation (3d)) can be eliminated by 
bendiiig the core into a closed rit^ form, as in Fig. 26. The value 
oF H vill then be uniform around the entire circular axis of the 
coil, and will be 

" - 10 I 
where I is the mean length of the core in centimeters. The total 
fiui through the core will then be 

4t NI 



10 I 



4t 



* = ^ (43) 

The numerBtor of equation (43) ia the m.m.f. of the solenoid 
uid the denominator is the reltictance of the magnetic circuit. 
It will be noted that the expression 
for reluctance is of the same form as 
^t for the resistance of an electrical 
circuit, for it is proportional to the 
length and inversely proportional to 
the cross-section; moreover, the per- 
meahility ix appears in the expression 
for the reluctance in exactly the same 
maimer as does the specific conduct- 
ance in the expression for electrical 

. u it. f . ^'°- 26.— Ring core. 

teastance, hence the reference to 

permeability (Art. 24) as "specific magnetic conductance." The 

luiit in which reluctance is measured is called the oersted. The 

I ' 
Equation (43) is of the form 

m.m.f. 
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or, in terms of the units themselves, 

,, gilberts 
maxwells = ^ , > 

oersteds 

which corresponds term by term with Ohm's law of the electric 

circuit, namely, 

e.m.f. 



current = 



resistance 



or volts 

amperes = ^ 

ohms 

The relations represented by equation (43) constitute the so- 
called law of the magnetic circuit. 

26. Applications of Law of Magnetic Circuit. — Magnetic 
circuits, like electric circuits, may be joined in series, in parallel, 
or in series-parallel, and the solution of problems involving any 
of these combinations is in every case carried out by methods 
that are the exact analogues of those used in the corresponding 
electrical circuits. In the form in which such problems arise in 
practice, it is either necessary'to compute the number of ampere- 
turns required to maintain a given flux through the circuit, or 
conversely, to compute the flux that will be produced by a given 
number of ampere-turns. 

Typical forms of magnetic circuits are represented in Pig. 27, 
part a representing a simple series circuit, part h two circuits in 
parallel; in each case the corresponding type of electrical circuit 
is indicated. 

The following examples will serve to illustrate the methods to 
be employed in the solution of ordinary problems; more detailed 
treatment of the problems encountered in the calculations of 
performance characteristics of generators and motors is given in 
Chap. IV. 

1. Series Circuits. — A circuit consisting of a number of 
reluctances in series will have a total reluctance given by 



MiAi yL%A% • • • • ^^^^ 
and the resultant flux through the circuit will be 

10 

A l^ A *^ • • • . T^ A 
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where NI is the total number of ampere-turns acting upon the 
circuit as a whole. This equation can be written 



I, 



. X4 



and in this form each term of the right-hand member represents 
the m.m.f. (in gilberts) required to maintain the flux through the 
corresponding portion of the circuit. The total m.m.f. is then 
merely tbe sum of the m.m.fs. required by the individual parts. 
In the analogous electrical circuit 

/ = -■? 

and 

E = IRi + IRt + . . . . +IR. 
or the total e.m.f. required to maintain the current through the 
circuit is the sum of the potential drops in each part of the circuit. 
While the foregoing relations between ampere-turns, fiux and 
reluctance are strictly correct, equations hke (44) which embody 
t.hese relations are not convenient for practical calculations for 
the reason that they involve the permeability of each portion of 
the circuit, and the permeabihty is in turn a function of the flux 
density and the kind of material in each part of the circuit, and 

must be computed from the relation i^ = n before its value can 
be substituted. The practical, because simpler and more direct, 
method of computing the ampere-turns follows directly from 
equation (44), as follows: 

Each term on the right-hand side of (44) is of the form 

^here E, is the number of gilberts per centimeter in the part ti of 
_ 4ir (NI), 



the circuit. But H, = 



10 U 



■ where {NDiis the number of 



ampere-tums required to maintain the flux * in the path I^, and 



I, 



is evidently the corresponding number of ampere-lums 
r centimeter (a.t./cm.) Hence, substituting in (44), and can- 
S the common factor -j-^' 




i./i Vcm./j Vcm.'. 



(45) 
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If inch units are used, 

NI = (*•*•) h" + (*•*•) h"+ . . . . (?;*•) h" (46) 
\ in. / 1 \ in. / 2 \ in. / » 

. * - j for a given material 

can be obtained directly from the curves of Fig. 23 when the flux 
density is known. Thus, in Fig. 27a, let it be required to find 
the number of ampere-turns necessary to produce a total flux 
of 160,000 maxwells on the assumption that the core is made of 
cast iron. Assume that the mean path of the lines of force 
follows the center of gravity of the cross-section and that at the 
corners the mean path follows quadrants of circles. 

.-. h = length of path in cast iron = 2(6 + 4) + 2ir - 0.125 •= 
26.15 in. 
la = length of path in air = 0.125 in. 

B = flux density in iron and in air-gap = \ = 40,000 

lines per sq. in. 

From the curve for cast iron in Fig. 23 it is found that a flux 
density of 40,000 linos per sq. in. corresponds to an excitation 
of 79 ampere-turns por inch length of core. Hence the number of 
ampere-turns required by the core is 79 X 26.15 = 2060. The 
number of ampere-turns requin^d to maintain the flux through the 

« ■ 

air-gap, where m = 1> rnj^y he found from the relation B = H = 

4v NI 

in / (^vhere all quantities are in metric units), from which 

A/ = , Bl = 0.8 X ,' - .. ., X (air-gap m mches X 

47r (J.04j- 

2.54) 

= 0.31335"/" 

when^ B" = flux density in liii(»s per sq. in. and V is the length 
of the air-gap in inches. Hc^nce the ampere-turns for the air- 
gap are 

NI = 0.3133 X 40,000 X ,'.s = l'">^7 

and I he total excitation for Ihn entire cinniit is 2060 -|- 1567 = 
3627 ainpenvturns. 

2. PAUAMiKL AM) SlOHIKS-l'AUALLKL CIRCUITS.' — In Fig. 276 

two magnetic circuits, each of the type illustrated in Fig. 27a, 
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are connected in parallel. Just as in the corresponding electrical 
circuit the entire battery e.m.f . acts equally on each of the par- 
allel electric circuits, so docs the entire m.m.f . of the exciting 
circuit act on each of the parallel magnetic circuits. In the case 
of the magnetic circuit of Fig. 276, the flux in each part is to be 
computed as though the other part were not present; if the parts 
are exactly alike the flux will be the same in each. 

Suppose, for example, that the left-hand circuit of Fig. 276 is 
exactly the same as that of Fig. 27a, but that the right-hand 
circuit, though having identical > s^ j 
dimensions, is made of cast steel \r. , r r 
instead of cast iron. Assuming 
that the flux through the left- 
hand branch is again 160,000 
maxwells, the coil must supply 
an excitation of 3627 ampere- 
turns. It does not follow that 
the flux through the cast-steel 
circuit will be 160,000 maxwells, 
and indeed it does not have that 
value because the reluctance of 
the cast steel is less than that of the cast iron. The problem is 
then to find that value of flux through the cast-steel circuit which 
will require 3627 ampere-turns for its maintenance. This can 
be done by trial, as follows: 

Assume a series of values of the total flux, and for each value 
compute the corresponding total number of ampere-turns. Plot 
flux and ampere-turns, extending the computations far enough so 
that a curve may be drawn that will include within its range the 
given number of ampere-turns; the actual flux corresponding to 
the latter can then be read from the curve. In the case under 
discussion the total flux through the cast-steel circuit is in this 
way found to be approximately 303,200 maxwells. 

In such a case as that illustrated by this particular problem, the 
reluctance of the cast-steel part of the circuit is so small compared 
with that of the air-gap that a first approximation to the final 
^ult may be found by assuming that the reluctance of the path 
through the steel is negligible, and that the entire excitation is 
consumed in maintaining the flux through the air-gap. On 



Fio. 27. — Typical magnetic and 
electric circuits. 
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this basis the flux density in lines per sq. in. would be given by 

3627 = 0.3133 XB" XH 

or B" = 92,800 Unes per sq. in. and ^ = 371,200. Reference to 
the curves of Fig. 23 shows that at this flux density the steel 
would require 1635 ampere-turns, so that the entire circuit would 
require 3627 + 1635 = 5262 ampere-turns, or considerably 
more than the available number. It is then necessary to select a 
smaller value of B'\ repeating the calculations until the given 
number of ampere-tiu-ns is included in the range of trial values. 
Kirchhoff's laws are applicable to the magnetic circuit as well 
as the electric circuit. Thus at any junction in a magnetic 
circuit, the number of lines of induction coming up to the junc- 
tion must be equal to the number leaving it, for the reason that 
Uncs of induction are always closed loops. This is equivalent 
to KirchhofTs first law of the electric circuit. Again, in any 
closed magnetic circuit, the algebraic sum of the drops of mag- 
netic potential must be zero. If in any part of the closed magnetic 
circuit the flux is $ and the reluctance R, the drop of magnetic 
potential is $/2, and the summation of all such drops must then 
be equal to the summation of all the active m.m.fs., with due 
attention to the sign of each term, following the rules described 
in Art. 16. 





(a) (b) 

Fio. 28. — Liacs of force surrounding a conductor. 

27. Self-induction. — When a straight wire, Fig. 28a, carries 
a current in the direction indicated, the wire will be surrounded 
by magnetic lines of force as shown. As the current increases 
from zero to any arbitrary value, the flux will increase propor- 
tionally from zero, and may be thought of as issuing from the 
center of the wire and expanding outward, like spreading ripples 
on a pond. The lines of force thus expanding cut across the wire 
in the manner indicated in Fig. 28b, which represents a cross- 
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section of the wire in (a) when viewed from the left. The ex- 
panding line of force B is about to cut across the longitudinal 
filament of the wire shown at P, the motion of the Une of force 
at this point being radially outward. Relatively, the effect is 
the same as though the filament were moving radially inward; so 
that if Fleming's {rights-hand) rule is apphed, it is found that the 
induced e.m.f. is directed outward from the plane of the paper, 
or in opposition to the direction of the current flow. The whole 
effect is in accord with Lenz's law; the original change in the 
current strength which produced the change in the flux imme- 
diately calls into existence an opposing e.m.f. which tends to 
retard the change in current. Conversely, the same line of 
reasoning will show that an initial decrease of current induces 
an e.m.f- of reversed direction, which tends to maintain the cur- 
rent at its original strength. This e.m.f. being self-induced, is 
called the e-m.f. of self-induction. 

Let Fig. 29 represent a coil of wire wound on a core having 
constant permeability it, a cross-section of A sq. cm., and a 
mean length of magnetic path of I cm. The mean path is to be 
taken as passing through the center of gravity 
of the cross-section of the core. On passing a 
current of i amperes through the coil there 
will be produced a flux 



•7=3^ 



Ni 
10 



^B { 10 I Fra. 29.— Inductive 

and a change of current di will produce a change of flux of 

4x Ndi , 
d* = i„ -,- ,.1 

This change of flux will then induce an e.m.f. 

where 

ti.lj'^XlO- (48) 

le quantity L is called the coefficient of self-induction or the 
nductance of the circuit, and in the practical system of units 
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is measured in terms of a unit called the henry. It is evident 
from equation (48) that the self -inductance is proportional to the 
square of the number of turns linked with the flux, and is de- 
pendent upon the shape, size and material of the magnetic cir- 
cuit. Its magnitude is of very great importance in all electrical 
circuits in which the current is changing in strength, as for 
instance, in those coils of a direct-current generator or motor 
which are undergoing commutation (Chap. VIII). 

From equation (47) it is seen that the self-inductance L of a 
circuit is numerically equal to the e.m.f . induced in it by a current 

which is changing at the rate of 1 ampere per second ( ^- = 1 ) J 

that is, a circuit has a self-inductance of 1 henry if a change of 
current of 1 ampere per second induces an e.m.f. of 1 volt. The 
self-inductance may also be defined in another way. Thus from 
equation (47) 

(it (it 

or 

L = N^^.X 10-8 (49) 

in this equation -r-. is numerically equal to the rate of change 

of flux with current, or it is the number of lines of force produced 
by 1 ampere. Equation (49) says thai the product of the num- 
ber of lines produced by 1 ampere, multiplied by the number 
of turns which this flux links, and divided by 10^, is equal to the 
coefficient of self-induction. The product of flux per ampere by 
the num})er of turns with which this flux links is called the num- 
ber of flux linkages per ampere, so that, briefly, the self-inductance 
u equal to the number of flux linkages per ampere j divided by 10*. 
28. Mutual Induction. — If two circuits of Ni and Nt turns, 
respectively, are so placed with respect to each other that the 
magnetic field due to a current in one of th(»se links in whole 
or in part with the other, a change in the current strength in 
the first circuit will induce an e.m.f. of mutual inducti(m in 
the second circuit. It is clear that the magnitude of this will 
depend upon the gcHMuetrical shapes and relative positions of the 
two circuits, as well as upon the rate of change of current in the 
inducing circuit. 
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Ut a current of ii amperes in the first circuit produce a flux $i 
I such that 
\ 4t 



<]>! = 



10 



ATiii 



li 



= CiATin 



(50) 



A part of this flux, or 

(where Ki^l) will link with the second circuit of N2 turns, so 
that the total number of linkages with the second circuit is 

Xji = N2<Pi = KiCiNiNzii (52) 

and if the second circuit is traversed by a circuit of 1*2 amperes its 
potential energy in the presence of the first circuit is, by Art. 22, 

ergs (53) 



f/21 = \u Iq = HoKiCrNrN2iii2 



Similarly, the current U in the second circuit will produce a 

total flux 



$J = - , = C2N2i2 

*2 

M2^2 



(54) 



of which a part 

(p2 = ^2^2 = K2C2N2i2 (55) 

(where K2^1) will link with the first circuit of iVi turns, so that 
the total number of linkages with the first circuit is 

Xi2 = Ni(p2 = K2C2NiN2i2 (56) 

The potential energy of the first circuit in the presence of the 
second is 

ii 



Ul2 = ^ii[k = K0^2C2iViiV2ilZ2 



ergs (57) 

But 17,1 must be equal to C7i2, since the potential energy of the 
system can have but one value; 

. • . K1C1N1N2 = K2C2N1N2 (58) 

From (52) 

N2(Pl 



K1C1N1N2 = 



i\ 



^f it is the number of flux linkages with the second circuit due to 

unit current in the first circuit ; and from (50) 

A np'i 



KoCnNlNi = 
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which represents the number of flux linkages with the first circuit 
due to unit current in the second. Hence, from (58), it follows 
that unit current in one circuit will produce the same number of 
linkages in the other, as unit current in the latter will produce 
m the former. 

When the current in circuit No. 1 changes, the e.m.f. induced 
in circuit No. 2 is 

e, = - JV2 -|^ X 10-« = - KiCiNiN, -^j X 10-« 

and when the current in circuit No. 2 changes, there will be in- 
duced in circuit No. 1 an e.m.f. 

ei = - Ni^^^ X 10-« = - K,C2NiN,~f X 10-« 
From (58), these equations may be written 



and 



«« = - ^w 

e. = - M-^^ 



159) 



where 

M = KiCiNiNt X 10-« = K2C2NiNt X 10-» (60) 

is the number of flux linkages with one circuit due to unit current 
(the ampere) in the other, divided by 10*. This is called the co- 
efficient of mutual induction, or the mutual inductance, of the two 
circuits. It is obviously of the same nature as self-inductancci 
and is measured in henrys. From (59) it follows also that the 
mutiuil inductance of two circuits is numerically eqiuil to (he e.m./« 
induced in one of them when the current in the other changes at th^ 
rate of 1 ampere per second. 

It is clear from equation (50) that the self-inductance of 
circuit No. 1 is 

L, = — J^' X 10-8 = CiNi^ X 10-« (61) 

and from equation (54) that 

L, = ^^ X 10-» = C2N2^ X 10-« (62; 

t2 

Hence, from (60), (61) and (62) 

Af * = KiKJLiLi (&3 
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If the circuita are so related that there is no leakage of flux 
between them, that is, if all of the flux produced by one circuit 
links with all of the turns of the other, 

K, = Ki^ 1 
and 

M = VLd^ 
or the mutual inductance of two perfectly coupled circuits is a 
mean proportional between their respective self-inductances. 
The factor y/KxKt is sometimes called the coefficient of coupling. 
The phenomenon of mutual induction is utilized in the induc- 
tion coil and in the alternating-current transformer, both of 
tt'hich consist of an iron core upon which are wound two coils, the 
]irimary and the secondary, insulated from the core and from each 
ijlher. An interrupted or alternating current in one winding sets 
up a periodically varying flux which in turn induces an alternat- 
ing em. f. in the other winding. Mutual Induction is also of im- 
portance as a factor in the commutation process in direct-current 
machines. 

29. Energy Stored in a Magnetic Field. — A coil or circuit of 
=elf-inductancc L hcnrys carrying a variable current will have 
iriduced in it an e.m.f. 

r '^' 



= -I 



volts 



If the current is t amperes at the moment when the rate of change 
of current is t, amperes per second, the power required to effect 
Q change of current is 

{—(>)/ = l,i - watts 
I the work done in the time dl is 

dW = {-c)idt = Lidi joules 
! total amount of work required to raise the current from 



> to a value i is, therefore, 
W = I Lidi 



'-£^' 



^Li^ joules 



(64) 



This energy is not lost, but is stored in the magnetic field, and 
pvered by allowing the magnetic field to collapse to 
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zero value. It is this energy which appears in the spark or ai 
formed on opening an inductive circuit. 

It is instructive to compare equation (64) with the equatio 
for the kinetic energy of a moving body. This is of the fon 

where m is the mass of the body and v its velocity. In the cai 
of the electric circuit the current i is the quantity of electridt, 
that passes a given point in a second, and is analogous to veloe 
ity. The self-inductance L represents a sort of electrical inertia 
since it operates to resist any change in the current flow, a 
electrical velocity; it is therefore analogous to the mass of i 
mechanical system. The energy 3^Lt* may, therefore, be con 
sidered as the kinetic energy of electricity in motion. 

When two circuits of self -inductances Li and Lt have a mnixd 
inductance M, there is stored in the system an amount of energj 
equal to 

W = >^LiZi2 + >^L2i2* + Miiii joules (65) 

provided the two currents magnetize in the same direction. Th€ 
derivation of the first two terms of equation (65) is obvioiM 
from (64); the last term, Miiii, can be derived as follows: 
The potential energy of one circuit in the presence of the other 
is from (53) and (57). 

and by (60) this becomes 

ir = }io(M X 10«)zizo = Mii%2 X 10^ ergs 

= Miii2 joules 

If the two circuits magnetize in opposite directions, their 
mutual potential energy is evidently reversed in sign, so that 
the stored energy of the system is 

W = liLiii^ + HL2t2' - Miiij (66) 

30. Tractive Eflfort of Electromagnets. — ^Let a unit magnet pole 
be placed at the point P, Fig. 30, on the axis of a cylindrical 
bar magnet of radius r cm., and distant a cm. from the end of the 
bar magnet; let the strength of the pole of the magnet be m imits, 
assumed to be uniformly distributed over the end surface of the 
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ider. The pole strength per unit area, or the intensity of 
netization, is then 

' = rr* = 4 (67) 

3idering an annular element of radius x and width dx on the 
surface of the magnet, the force which it will exert upon the 
pK>le at P is 

27r<Tzdx ^ 



dF -- 



d^ + x^ ' Va^ + x^ 



the total force due to the entire pole of the magnet is 

xdx 



F = 2ir<ra 



i (a« 



= 2T<r(l - cos B) 



(68) 



e ^ is the semi-angle of the right cone subtended at the point 
the end of the magnet. If the distance a is made very small, 




Fio. 30. — Field intensity on axis of bar magnet. 

a is small relatively to the dimensions of the end area of the 
let^ cos B approaches zero as a limit, in which case 

F = 2ir<r (69) 

two bar magnets are placed end to end with a very small 
ation, and if the intensities of magnetization of the adjacent 
ces are + <r and — <r, respejftively, the attraction of one of 
lagnets upon an elementary magnet pole of area dA on the 
will be dF = 2x0- X <TdA ; and the total attraction between 
ent poles will be 

F = 2'kg'^A dynes (70) 

eciuation (67), o- = /; and since the flux issuing from a polo 
units is ^ = 47rw, it follows that ^ = i a\ whence, from 



F = 



SttA 



ir-A 



Ivues 



(71) 




This is the fundamental equation underlying the design of t 

ive or lifting electromagnets. 




PROBLEMS 

1. A circular coil 30 cm. in diameter is placed in a verlica] plane ti 
makes an angle oF 30 deg. with the plane of the magnetic meridia 
total inUnaity of the earth's Riagnetic field is 0.41 gauss and the aog 
dip is 60 deg., what ia the total flu\ that passes through the coil? 

2. Two identical slender har magneta, A and B, each 20 cm. long a 
ing concentrated poles of 200 c.g.s. units at their ends, arc placed v 
axes in parallel lines that are 3 cm. apart, and so that the north p 
is 5 cm. From the south pole of £. What is the moment of the couple tc 
to rotate A alraut its middle point, and what is its direction? 

3. A rectangular col! 30 cm. by 60 cm. having one turn ia placed ii 
magnetic meridian with its 30 cm. sides horizontal. A small compass needk 
is placed 20 cm. from the plane of the coil and on a line passing through Iha 
center of the coil and perpendicular to its plane. If the intensity arnJ ili- 
rection of the earth's magnetic Geld are as given in Problem 1, what vill 
be the angular deflection of the needle if the current in the coil ia 5 aniper«7 

4. The two wires of a circuit are parallel and 6 in. apart, center to cenW, 
and may be assumed to be indefinitely long. In conductor No. 1 is inserted 
a single pole knife switch, the jaws and blade of which are in the plane of 
the wires but with the blade opening away from conductor No. 2. Ttit 
effective length of the jaws of the awitch is 3 in. and the effective length al 
blade ia 8 in. If the current ia 1000 amperes, what ia the total moroeotaC 
the force tending to open the switch? 

6. Solve the problem worked out in Art. 10, Chap. I, on 
that the current in each bus-bar flowa uniformly along the vertical p 
through the central axis. 

6. A fly-wheel having a diameter of 15 ft. is mounted with its plane in M 
east and west direction, and rotatea at 100 r.p.m. If the intensity and dir«- 
tion of the earth's magnetic Geld are aa given in Problem 1, what ia the dif- 
ference of potential between the rim and axle of the wheel? 

7. A coQcentraled circular coil of 15 turns and radiua 15 cm. is revoIreJ 
on a horizontal axis pointing northeast and southwest at the rate of 10 mt. 
per sec. \Miat is the average e.m.f. generated in the coil if the inlCMitJ 
and direction of the earth's magnetic Geld are as given in Problem 17 In 
what position of the coil will the e.m.f. have maximum value, and what la 
the maximum value of the e.m.f.? 

8. A coil of insulated wire having a resistance of 250 ohnis ia mounted in 
a tube through which is passed a stream ot water at the rate of 400 cu. em. 
per min. The temperature ot the surrounding air is 25° C, and the initisi 
temperature of the water is 15° C. The current is adjusted until the tem- 
perature of the outflowing water is constant at 35° C. Wliat is the strengtb 
of the current? 

9. A storage battery of 6 cells has an e.m.f., when discharged, of 1.8 voUb 



ngtnai 
neotoL 



I 
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Its internal reaiBUiDce is 0.005 ohm per cell and the normal 
^■T^ng nkte is 10 amperes. If the cells are connected iii series and are to 
• charged from a 110-volt circuit, what resistance must be inserted in the 
be to yield the nonnal current? Toward the end of the charging period 
|he battery e.m.f. rises to 2.5 volts per cell; what ie the charging circuit? 

10. Four binding posts, A, B, C and D, arc arranged to form a. square, 
4hc comers of which are lettered in the sequence given. Between A and B, 
B and C, and C and D are inserted resistors of 10 ohms each, while a resistor 
of 15 ohraa is inserted between D and A. A coil of 10 ohms resistance is 
connected between B and D, and a battery having an e.m.f. of 20 volts and 
111 internal resistance of 0.02 ohm is connected between A and C. Find the 
;ri.?Qt in each branch of the circuit. 

11, Solve Problem 10 on the assumption that branch BC containB, in 
:i!ion to the lO^ohm resistor, a battery of negligible resistance and an e.m.f. 
! volts directed from B to C; the positive pole of the 20-voh battery is 
Mjectcd to t«rmiDal A. 
11. How much work is required to turn magnet A of Problem 2 end for 

13. Parallel to the rectangular coil of Problem 3, and 30 cm. distant from 
il, ihcre is placed a circular coil of two turns having a radius of 25 cm. 
The centfiB of both coila are on a line perpendicular to their planes. Mid- 
nr between them, and on the line joining their centers, is placed a small 
pia needle. If tlic current in the rectangular coil is 10 amp., how much 

.rrcnl must flow through the circular coil in order that the needle may not 
Icfleeted? What must be the relative directions of the currents in the 

U. A slender bar magnet 25 cm, long having concentrated poles of 200 
.. !i. units at its ends is placed on the axis of a two-t<im circular coil of 
.■l;iin 20 cm. The south pole of the magnet lies nearest to the plane of the 
■■'■ inil is originally 15 cm. away from it. The coil carries a current of 
' nriip. Bowing in a clockwise direction when viewed fymi the magnet. 
il 'w [Duch work must be done to move the magnet along the axis until the 

:iih pole is in the plane of the coil? 

15. A solenoid bas a right-handed winding of 100 turns, the mean diame- 
T l^lag 5 cm. and the length 25 cm. The axis of the solenoid is hori- 
-■■■■di\ and lies in the magnetic meridian. If the solenoid carries a current 
■ losmp., flowing from the southern to the northern end, how much work 

r^juired to rotate the solenoid through an angle of 90 dcg. about a vertical 
i':4 paning through the middle of the solenoid? 

11 A cast-iron ringhasasquarecross-scction of 1 sq. in. andameandiame- 
1^1 of 12 in. How many aropere-tums are required to produce a flux of 
15,000 maxwells? Compute the permeability and reluctance of the ring. 
^W id the permeability when the flux is reduced to 20,000 maxwells? 

SlI. A magnetic circuit made of sheet steel punchinge is built up to the 
^uwnuoiiB of Hg. 276. The net thickness of the core is 90 per cent, of the 
PM lUukncss because of scale and air spaces between the punchings. 
^ the flux through a coil wound on the central core if the coil produces a 
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ni.ni.f. equivalent to 3500 ampcrc-tums. Find the permeability of the 
sheet steel on each .side of the circuit and the reluctance of the gaps. 

18. Compute the self-inductance of the cast-iron ring of Problem 16 as- 
suming that the winding has 800 turns. If the current has such a value 
that the flux is 35,000 maxwells, what e.m.f. will be induced if the current 
and flux arc reduced to zero, at a uniform rate, in 0.001 sec? 

19. Two circular coils, A and B, are mounted concentrically, one in^de 
the other. A current in A produces a flux of which 75 per cent, links iritii 
Bj and a current in B produces a flux of which 95 per cent, links w^ith .4. 
When the two coils are connected in scries so that they magnetize in the 
same direction, the total self-inductance is found to be 0.5 henry; when tbey 
magnetize in opposite directions the total self-inductance is 0.06 heasf* 
Find (a) the self-indue t^ince of each coil; (6) the coefficient of mutual indiw- 
tion ; (r) the amount of work required to turn coil B through 90 deg., startioK 
from the ])osition in which the coils magnetize in the same direction, aasuffl- 
ing that they are connected in series and are carrying a current of 75 amp. 

20. Coil A of Problem 19 is wound in two equal parts Ai and As, in suchi 
way that there is perfect coupling between them. Coil B consists likewi* 
of two equal parts, perfectly coupled. Find all the possible values of self- 
inductance that can he obtained from combinations of the four winding 
assuming that the planes of the coils are coincident. 

21. If the cast-iron ring of Problem 16 is spht into two semicircular parti, 
the air-gaj) at each joint being 0.001 in., what is the pull, in pounds, required 
to separate the two halves? What is the pull between the two parts of 
the ring when they have Ix'en separated Ke in., the excitation remainiog 
the same as before? 



CHAPTER II 

THE DYNAMO 

31. Dynamo, Generator and Motor .^A dynamo-electric 

i-liine, or a dynamo, may be defined as a machine for the con- 

: -ion of mechanical energy into electrical energy, or conversely, 

i[ the conversion of electrical energy into mechanical energy. 

^ When used for the first purpose it is called a generator, and when 

llsed for the second it is called a motor. In other words, the word 

dynamo is a generic term which includes the other two; a dynamo 

is a reversible machine, being capable of operation either as 

generator or motor. 

Every generator consists of a conductor, or set of conductors, 

subjected to the influence of a varying magnetic field, so that 

e.m.fe. arc induced in them. Current will be produced when 

i\w circuit of these active conductors is completed through an 

'irnal receiver circuit. On the other hand, motor action re- 

;!■• when current from some external source is sent through 

-I'l of conductors located in a magnetic field. 

In the case of generator action, each conductor is the seat of 

an induced e.m.f. of 

E = Biyabvolta (1) 

■ re I is the length of the wire in centimeters, B is the density 

1 lie field through which it is moving, and v is its velocity in 

1 1 1 imetera per second in a direction perpendicular to that of the 

1. 1 and to ita own length. On closing the circuit there will 

v a current of, say, / abamperes, the value of which will depend 

.jwn the resistance of the circuit as a whole, in accordance with 

( 'hm's law. The conductor will then be acted upon by a force of 

F = Bll dynes (2) 

in ft direction opposite to its motion; hence, to maintain the 

action, a driving force must be applied to the conductor and work 

I mia i be done at the rate of Fv = Bllv = EI ergs per second. 
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In the case of motor action, each conductor is caused to earn* a 
current of I abaniperes, so that it is acted upon by a lateral 

thrust of 

F = BlI dynes 

motion of the wire results, and under the influenco of the field 
intensity B and velocity v there is induced in the wire an e mJ. 

E = Blv abvolts 

in a direction opposite to the current. To maintain the current 
flow there must be impressed an e.m.f. of suflKcient magnitude 
to balance this counter-generated e.m.f., and work is done by 
the electrical source of supply at the rate of EI = Blvl = Ft 
ergs per second. 

In this discussion ideal conditions have been tacitly assumed, 
namely, that all of the energy supplied reappears as useful energj' 
after the conversion process has been completed. As a matter of 
fact this condition is never realized in practice; the energy sup- 
plied must be greater than that usefully converted by an amount 
equal to the loss of energy inevitable in the conversion. 

Th(» armature of a dynamo is the part in which the e.m.f. l< 
generated in the case of a generator, or the part which carries the 
working current in the case of a motor. The^W member is the 
part which produces the magnetic field. The relative motion of 
the one structure with respect to the other is most easily obtained 
by making one or the other rotate, so that in general the two have 
concentric cylindrical forms. Either may bethe rotating member; 
if the armature rotates, the machine is called a revolving armature 
machine, while if the field rotates it is called a revolving field 
machine. 

There are two distinct types of dynamo-electric machineSi 
accordingtothenatureof thec.m.f. and current produced; they are 
(1) alternating-current machines, and (2) direct-current macUnes. 
The first type, when used as a generator, is called an aliematorand 
produces an e.m.f. which acts alternately in opposite directions, so 
that when the armature circuit is completed the current in the cir- 
cuit flows first in one direction and then in the other. The second 
type produces a current through the external circuit which flows in 
one direction only. A direct current, though characterized by 
constancy of direction, may, however, vary in magnitude from 
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instant to instant, that is, it may be pulsating; or it may be 
constant in magnitude as well as in direction. In the former 
case, the current is said to be a direct current; in the latter case 
the current is said to be a coniinuous current. 

The alternating-current generator or motor is the simplest 
form of dynamo. Reduced to the most elementary type, it 
consists of a loop of wire, ahcd^ Fig. 31, rotating in a magnetic 
field that passes across from pole N to pole S. It is imderstood 
that the pole pieces N and jS are the extremities of the field struc- 
ture, and that the excitation of the magnets is effected by a direct 
current from some suitable source circulating in coils wound on 
the field structure. The ends of the armature coil are attached 





Fio. 31. — Elementary 
alternator. 



Fia. 32. — Multipolar revolving field 
alternator. 



to the insulated slip-rings ri, rs. In the position shown in the 
figure, wire ab wiU have generated in it an e.m.f. directed from 
front to back, while the e.m.f . in cd will be directed from back to 
front; the collecting brush touching ring ri will therefore be posi- 
tive, and that touching rj will be negative. After half a revolu- 
tion it will be seen that the polarity of the terminals reverses, so 
that each terminal is alternately of opposite polarity. 

In practice alternating-current iiiachines usually havo more 
than the two poles shown in Fig. 81; in other words, they an* 
Wttttipoiar. The winding consists of a numb(»r of coils connected 
in series in such manner that the e.m.fs. of the individual coils 
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add together. Fig. 32 represents diagrammatically an 8-poIe 
revolving field machine with the winding of the stationary arma- 
ture arranged in eight slots. Fig. 33 is a development of this 
particular type of winding as it would appear if the cylindrical 
surface of the armature were rolled out into a plane. 

With the exception of the homopolar machine described in 
Art. 50, all standard forms of direct-current generators and 
motors consist of a wire- or bar-wound armature arranged to 
rotate between inwardly projecting- poles of alternate polarity, 
in the manner illustrated in Fig. 44. Each of the armature 
conductors is, therefore, the seat of an alternating e.m.f. which 
changes its direction each time the conductor moves from the 
influence of one pole to that of the adjacent pole. It is the fun^ 
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Fig. 33. — Developed armature winding of alternator of Fig. 32 



tion of the commutator to convert this internal alternating e.m.f. 
into a uni-directional e.m.f. in the external circuit; but so far as 
the armature winding itself is concerned, every direct-current 
machine (with the exception of the homopolar machine) is essen- 
tially an alternating-current machine, hence it is important to 
analyze the development of the e.m.f. in an alternator in order to 
understand thoroughly what is happening in the case of the 
direct-current machine. 

32. E.M.F. of Elementary Alternator. — Consider first the de- 
mentary alternator of Fig. 34, whose armature winding consists 

(Z \ 

or JV = rt turns) on 

the external periphery of the armature core A. If the air-gap 
between the pole faces iV, S and the armature core is uniform, as 
is usual in din^ct-current machines (except at the pole tips), the 
lines of Unvv of the maj^netic field will Umd to cross the gap 
on' radial lines, and the field strength will have practictJly 
uniform strength everywhere under the poles; at the [pole 
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)8 the lines of force will "fringe," the spreading apart of the 
les indicating that the strength of the field tapers off more or 
3S gradually to zero value midway between the poles. These 
cts are represented in Fig. 34, where the line marked J3 is so 
rawn that its ordinates represent the radial component of the 
ux density in the air-gap all around the periphery of the arma- 
iire, the latter being developed, i.e., rolled out into a plane. If 
t were not for the fringing of the flux at the pole tips, the flux 
iistribution would be represented by the rectangular diagram 
hown in broken lines. 

If the diameter of the armature is d cm. and its active length 
8 1 cm., and if it is driven at a speed of n revolutions per minute, 
:he tangential or peripheral velocity of the conductors is 

V = TG XA cm. /sec. 
oU 




Fio. 34. — Flux distribution around armature. 

and at the instant when the conductor is cutting through the 
Qognetic field where the fiux density has a radial component of 
fi gausses, the generated e.m.f . per conductor is 



n 



e = Bit X 10-». = Tcdl^B X lO"* volts 

ou 



(3) 



Because of the assimied concentration of the Z conductors in a 
diametral plane, and because of the further assumption that the 
flux distribution is synmietrical around the armature, the e.m.f. 
is the same in all of the conductors at the same instant, henco 
the total instantaneous value of the generated e.m.f. is 



n 



e = vdl ^^ ZB X 10-8 volts 
oU 



(4) 



Since all of the terms on the right-hand side of this expression 
are constant with the exception of B, it follows that the variation 
o' e.m.f . with respect to time is identical in form with the curve 
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B of Fig. 34, which shows the space distribution of the flux density. 
The e.m.f . is zero at the instant when the active edges of the coil 
are passing through the neutral axis midway between the poles, 
rises sharply as the active coil edges pass under the poles, remaiiu 
fairly constant as they pass under the pole faces, falls again to 
zero when the coil is again in the neutral plane, and then goes 
through these changes with a reversal of direction. Thereafter, 
the same cycle of changes is repeated indefinitely. 

33. General Case of the E.M.F. of an Alternator. — The discus- | 
sion of Art. 32 was based upon the assumption of a bipolar fidd 
structure, and a full-pitch armature coil, that is, a coil spanniiig 
the arc from center to center of poles. Generally, however, there 
is more than a single pair of poles, and the coil spread may be 
greater or less than the pole pitch. 
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Fio. 35. — Multipolar alternator, non-sinusoidal flux distribution. 

Let Fig. 35 represent a partial development of an alternator 
having p poles (like Fig. 32), and let the distribution of flux a* 
the armature surface be represented by curve B; further, let th^ 
armature have a diameter of d cm., the conductors have an active 
length of I cm. in a direction parallel to the shaft, and let th& 
speed of rotation be n revolutions per minute. The instanta-' 
neous e.m.f. generated in each conductor is the same aS 
equation (3) 

e = Blv X 10-« = Blird ^^ X lO"* 

60 

and the graph of this e.m.f. will then be a curve which ia the sam^ 
as that showing the flux distribution, except for a change i^ 
scale. The average e.m.f. per conductor is 

^„„ = Ij; ''^edx = I ^rdf^Bld. X 10-. = p » * X KT' 
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Bldx is the flux per pole. The last result might 

liavc been anticipated from the fact that the average e.m.f is 
equal to the number of lines of force cut per second, divided by 
lU'; thus each conductor in one revolution cuts * lines per pole, 
or p* lines per revolution, hence p* , lines per second. It is 

interesting to note that * is the integral of the B function; con- 
versely, B is the first derivative of the flux function. 

If the armature is wound with Z conductors, all connected in 
series as in Fig. 33, in such a manner that the coils are of full 
pitch, the total average e.m.f. is 

E.... =v^Z^X 10-' (6) 




1 pitch. 



LFru. 30.— E.M.F. i 
pointed out above, each conductor is the seat of an e.m.f. 
: variation from instant to instant is represented graphically 
I'Y a. curve identical fexcept for a change of scale) with the curve 
■ >i flux distribution. Fig. 35. If the conductors are arranged as 
111 Fig. 32 80 that the coil spread m the same as the pole pitch, 
til,- e.m.f. in all conductors will lie simultaneously in the same 
liliiwt: of the variation, and the total instantaneous e.m.f. will be 
-imply Z limt.'s that of a single conductor. But if the coil 
i m-inl rliflTers from the pole pitch, us indicated by coil ab, Fig. 3n, 
'"' iufitnntaiteous c.ui.fs. of the two sides of the coil will differ 
i:> [those, that of coil-edge a following curve a, Fig. 36, and that 
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of coil edge b following curve b, where the displacement a betweeo 
the curves corresponds to the amount by which the aides of the 
coil ab of Fig. 35 fall short of being a pole pitch apart. The total 
instantaneous e.m.f, of the coil is obtained hy adding the onii- 
nates of the individual e.m.f. curves. It is evident from Fig. 36 
that the maximum e.m.f. of such a "fractional pitch" winding 
is less than that of a full-pitch winding of the same number of 
conductors. 

34. Rectification of an Altematiiig E.M J. — If the tcrmiiiak a 
and c of the elementary alternator of Fig. 31 are connected, re- 
spectively, to the two insulated scgmenta of a commutator C, 
as in Fig, 37, and stationary brushes, hj, bt, are mounted so as to 
make sliding contact with the revolving commutator segments, 
the plane of the brushes being coincident with that through the 
shaft and the polar axis, the brush &i will always be of negative 




polarity and brush 62 will always be of positive polarity. The 
reversal of the cnLf. of the coil t.ikes place simultaneously with 
the paHsagi) of tin; brushes across the gaps between the segments 
of the coinniufator. If the flux distribution is like that of curve 
li, Fin. 34, the brush voltaRe will vary in the manner shown in 
Fig. 37; the negative half loop of the original alternating voltage 
is rcvfMfifd, so fur ap the external circuit is concerned, hence the 
voltage in the externat eircuit connecf^-d to the brushes 61 and 61 
will be tinidircctional, but its magnitude will pulsate between aero 
and a maximum vahie. 

If the / peripheral c(in<luctors eonstituting the loop of Fig. 37 
are replaced by a winding like that of Fig. 38, the latter likewise 
haviiiB % peripheral cniiduetors, the generaterl e.m.f. will" remain 
tlu^ same ill iiiiiKnitiide and in the manner of its variation. The 
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mer winding is of the dnan type, the latter of the ring type. 
will be noted that in the drum winding there is one complete 
ra for each pair of conductors, while in the ring type there 
a turn for each conductor; but in the ring winding the wires 
aide the core play no part in generating e.m.f. since they do 
A cut lines of force. Consequently, for equal numbers of 
eripheral conductors in the two 
fpes of windings, the electrical 
baracterifltics are identical except 
or minor difFerencea due to unequal 
ength of wire and therefore of resis- 
«nce. 

SS. Effect of Distributed Wind- 
■fr— An e.m.f. varying as in Fig. 
17 is not desirable, and means must 
•e found to make it more nearly 
'OQtiDUOus. The large amplitude of 

the pulsation in that figure is due to the fact that the entire arma- 
ture ig inactive each time the coil edges pass through the neutral 
tone between the poles, that is, each time commutation takes 
place; if the winding can be ho disposed that small sections, each 
WDsigting of relatively few turns, undergo commutation suc- 
Cfseively, the pulsations will become insignificant when the 




—Elementary r 




Flo. 39. — Ring winding with four 



lumber of such winding sections is sufficiently great. Thus, 
\ 39 is a diagrammatic sketch of the armature of Fig. 38, 
ut with the original Z conductors arranged in four oquidititnnf 
roups of concentrated coils; the end of cacli coil is conneetcd 
othe banning of the next, and there is n connei'liou hctwern 
leh of these junction points and a segment of a fmir-pfirt com- 
mtator. A study of the directions of llic r.m.fi^. g<'norutc'd in 



74 PRINCIPLES OF DIRECT-CURRENT MACHINES 

the coils shows that the brushes must now be placed along an 
axis perpendicular to the polar axis, in order that current may 
be delivered ejBFectively to the external circuit. It will also be 
clear that although the four individual coils form a closed ring 
so far as the internal armature circuit is concerned, they are 
connected to the external circuit in such a manner that with 
respect to the external circuit the armature winding consists 
of two equal halves in parallel with each other. Each half of 
the armature winding consists of a pair of winding sections 
connected in scries. Since the winding consists of two equal 
parts in parallel, the voltage at the brushes will be equal to 
that of either half alone. Considering the particular half of 
the armature winding made up of sections A and B, it will be ' 
observed that section A generates a wave of e.m.f. similar to 
that of Fig. 37, but of only one-fourth the amplitude since coil 
A has only one-fourth as many active conductors as the coil of 
Fig. 38. Similarly, section B generates a wave exactly like that 
of section A, but the two waves dijBFer in phase by 90 deg., as 
shown in Fig. 39. The resultant brush voltage will be obtained 
by adding the ordinates of these two component curves, as shown. 
There are now four pulsations instead of the original two, but 
the range from minimum to maximum is much reduced. 

Carrying the subdivision of the winding one step further by 
arranging the Z peripheral conductors in eight equidistant groups 
of coils as shown in Fig. 40, each half of the resultant ring winding 
will consist of four sections in series. In each section there will 
be generated an e.m.f. which will vary from instant to instant 
in the manner shown by curve B of Fig. 37, but tha maximum 
value will be only one-eighth as great as in that figure; the e.m.fs. 
in the four coils which at any moment are in series in one-half of 
the ring differ in phase from each other by 45 degrees, as shown 
in Fig. 40, so that the resultant e.m.f. between the brushes 
is at any moment the sum of the ordinates of these four curves. 
It will bo s(»on that there are now eight pulsations instead of the 
original two, and the amplitude of the pulsations is decidedly 
less than before. 

Fig. 40 shows the armature in two different positions; in part 
a, the four coils marked A, B, C, D, are directly in series, each 
contributing a definite e.m.f. to the total; in part b, rotation of 
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tlif armature has carried coil D to the position whcrt? coiuinuta- 
tion occurs, and under this condition coil D does not contribute 
e.m.f, to the circuit formed by coils A, B, and C, consequently 
the number of active coils per circuit is reduced from four to 
three. A moment later, coil D will form a part of the circuit 
on the right-hand side, and one of the coils from the right-hand 
side will be transferred to the left-hand side; thereafter the 
process is repeated indefinitely. In position (a) the total e.m.f. 
Ffiloped by the four sections in series is a maximum; in position 
ftie total e.m.f. is a min imum Clearly, therefore, the varia- 
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1 will become less and less as the angular separation between 
adjacent coils is reduced, that is, as the number of sections is 
iaureased. 

lothing effect upon the resultant e.m.f. produced by 

ising the number of winding sections is entirely analogous 

i effect upon the torque of a gas engine produced by in- 

tBtng the number of cylinders, provided the successive crank 

; unifoniil.v displaced around the crank shaft. 

, Average E.M.F. of a Direct-current Armature.^If^a 

[ n-jnding of the type discussed in the preceding article is 

ted in a multipolar field structure, us indicated in Fig. 41, 

l^cmJa. generated in the individual winding sections will 

!cted in the manner shown by the small arrow beads. In 
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tho case ropresentcd in the cliagram the e.m.fs. are so directed 
that the entire winding is divided into four belts, one per pole, 
in each of which the individual e.m.fs. are cumulative. In 
order to take full advantage of this distribution, brushes must be 
placed at each neutral point; half of the brushes will be of posi- 
tive polarity, the other half negative. If all of the positive 
brushes are connected to one another and to the positive side of 
the external circuit, and if the negative brushes are likewise 
connected to one another and to the negative side of the external 
circuit, then, with respect to the external circuit, the armature 
winding consists of four paths (in the case illustrated) which are 

in parallel with one another. The 
e.m.f. will be the same in each of 
these paths provided the entire amui- 
ture winding is symmetrical and pro- 
vided the flux in each of the poles 
is the same; and the total e.m.f. of 
the machine as a whole will be the 
same as that in any one of the paths. 
In the particular case illustrated 
in Fig. 41 the number of paths is 
equal to the niunber of poles, this 
Via. 41.— RiriK-wound armature being characteristic of all simiJe 
in niuitipoiar field. j-ing windings of the type illustrated. 

But it will be shown in Chapter III 

tliat the numlxT of paths, a, is not necessarily equal to the 
number of poles, j), in all annaturo windings, and that by suit- 
ably (.•oniu^etiiiK the- individual coils of the winding the number 
of paths may be made any oven number, from two up. 

It is clearly of fundamental importance to be able to compute 
the averag(» e.m.f. developed in the armature winding of a direct- 
current machine. Thus, let it be required to find the average 
e.m.f. gen(Tat(Ml in a winding having the following data: 

Z = total number of peripheral conductors. 

a = number of parallel paths through armature. 

p = number of poles. 

<I> = flux i)er j)oh^ 

71 = revolutions of armature per minute. 

Each conductor cuts p* lines per revolution, or p^Il lines per 

60 




second, so that the average e.m.f. per conductor is p^^f. X 10~* 
volta; since the entire number of conductors is divided into a 
paths connected in parallel with one another, the number of 
conductors in aerits per path is ; the average e.m.f. per path, 
and, therefore, of the armature as a whole, is 



60 



. X io-« 



1 60 X 10' 



volts 



(7) 



This is the gejieral equaiion fur the generated e.m.f. of a direct- 
mrrerU machine, provided the brushes are so placed that the wind- 



ly under the in- 




ing sections of any one group are simultai 

fluencp of one pole. Thus, if the 

brushes of the armature of Fig. 42 . 

are so placed that commutation takes 

place in coils opposite the middle of 

the pole shoes, the potential difference 

Ijetween them will he zero. Each path 

through the armature is made up of 

conductors half of which are subjected 

to the inductive action of one pole and j,.,^ 42._Bnu.heB di«pla.Bd 

the Olhcr hlllf In flic influence of a pole from proper position. 

of opposite polarity. 

37. Magnitude of E.M.F. Pulsations. — Comparison of the 
curves of Figs. 37, 39, and 40 with the corresponding windings 
brings out very ele^arly that subdividing the winding into rela- 
tivelj' few distributed sections causes a marked reduction in the 
magnitude of the pulsations of e.m.f. above and below the average 
value. Further subdivision of the winding produces a still fiu'- 
ther suppression of the pulsations, though beyond a certain point 
the smoothing our. of the wave of e.m.f. proceeds at a greatly 
reducnl rate. In commercial machines the number of winding 
M-ctions is determined by such considerations as the attainment 
of sparkless commutation, and the number so fixed is sufficiently 
great to make the pulsations of e.m.f. of minor importance. 
Neverthuk-ss it is of interest to investigate the relation between 
the number of winding sections and the magnitude of the voltage 
fluctuation. 

la order to simplify the analysis, it will be assumed that the 
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machine has two poles, like that of Fig. 40^ and that the winding 

consists of Z conductors divided into s sections having turns 

each; and further that the flux distribution^ instead of having 
the form shown in Fig. 34, is sinusoidal. This means that the 
radial component of flux density at any point in the air-gap is 
proportional to the sine of the angle measured from the neutral 
axis to the point in question; thus, if S^ is the radial component 
of flux density under the middle of the pole face, the flux density 
at any point situated ^ degrees from the neutral axis is 

B = Bm sin^ (8) j 

i 
In one of the winding elements which at a given instant is j 

displaced 6 degrees from the neutral axis the instantaneous value 

of the generated e.m.f. is then 

6i = ^ Blv X 10-8 = ^ ? B„,ld ^^ gin d X IQ-^ = E^ sin 6 (9) 
s $ ok) 

where 

Em = T- BJd ^. X 10-« (10) 

s oU 

is the maximum value of the e.m.f. generated in the winding 

Z T 

element of - turns at the particular instant when ^ = «, that is^ 

when the coil is passing under the middle of the pole fac^- 
Since there are s winding sections uniformly distributed around 

2ir 

the armature, the angle between adjacent sections is — , and bl^ 

o 

the instant when the coil above referred to occupies the positioi* 
determined by the angle 6, the next coU ahead of it occupied 

the position 1$+ 1 ; the next one beyond occupies th^ 

position I 6 + 2, j , and so on. It follows, therefore, thatth^ 

instantaneous values of e.m.f. in the ^ successive winding sec- 
tions in scries with each other are 
fi = Em sin d 

27r> 



Ci == Em sin / ^ + ^j 
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e.;, = E^ sin [fl + g - l) ^J] = -e-.sin[0 + (^ -^J')] 

TVius, in a winding like Fig. 40 where s = 8, the e.m.fs. in the 

sacceasive winding sections are 45 deg. apart, and their values 

are indicated in Fig. 43 for three different values of the angle 6, 

corresponding to three successive positions of the armature as 



d-o 




Fio. 43. — Suooeesive phases of e.xn.f. in eight>coil ring winding, sinusoidal flux 

distribution. 

the latter rotates. The value of the total e.m.f . contributed by 
^1 of the A sections is at any instant 

ie = e, + C2 + ea + + c,/2 

= E„ I sin e + i^m(e + ^^)+ + 

f 

The minimum value of this expression occurs when ^ = 0, as 
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was pointed out in connecton with Fig. 40, and the 



TT 



value occurs when ^ = ; it follows, therefore, that 
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. 2t . . 4t 



min 



= E^A sm h sm h 

L 5 8 



+ sinu 



= Em cotan 



8 



and 



Stt 



E^az= E^ \^^\ + sm y + + sinr 



= En^ cosec 



8 



The percentage variation from minimum to maximun 
of the minimum value, is 



TT TT 

cosec cotan 

8 8 
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cotan 
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and the magnitude of this quantity, for various vah 
shown in the following table: 



« 


Per cent, 
variation 


2 


00 


4 


41.0 


6 


15.4 


10 


5.17 


20 


1.24 


30 


0.56 


60 


0.13 







In other words, with the winding divided into 30 or mo 
(the field structure being bipolar), the fluctuations 
insignificant. 

Bearing in mind that the instantaneous value of 
e.m.f. varies from a mininum when ^ = to a maxir 



TT 



6 = , and that it then again falls symmetrically to a 

8 

2'jr 

when 6 = -f the average e.m.f. will be 
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But vvhrti the flux density is so distributed that it follows the 
vquation 

B -= B„ sine 

bivcmgi' value over each half of the armature surface is 

„ sin 9 <ld = H.„ (15) 

[[the flux per pol( 

' = B„,..,, X area of one-half of armature surfaeo 



« ^'J-B. 



-II...,.X'^XI- B^l 



00 



(17) 



Ich agrees with equation (7) since in the ease here considered 
. 2 and a = 2. 

'; Resistance of Armature Winding. — In an armature having 

a paths, the total armature current t'a will divide equally between 

them, provided all paths have the same resistance. If the total 

ince of all the wire on the armature is Ra ohms, the reaiat- 

i per path will then be Ra/a ohms, aud since all of these a 

Bare connected in parallel, the actual resistance of the arma- 

sured between bruahea, will be Ra/a- = r^ ohms. 

"he drop of potential due to the entire current t^ flowing through 

I ■ retustance r^, or tar™ volts, is, of course, equal to the drop of 

iN-ntittl through any one of the paths, or i^/a X Ra/a = i.ru 

■ Its. 

39. Construction of Dynamos.-- The dynamo consista essen- 
' of an electrical circuit and a magnetic circuit placed in 
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inductive relation to ^ach other. The electric circuit coimists 
the armature winding and the commutator. The magne 




circuit is made up of the yoke, pole cores and pole shoes, : 
the armature core. The annular space between the revdi 
armature and the stationary field structure is called the iur-| 




other parts of the machine are the field winding, the brushes, 
brush-holders and the rocker-arm, the armature spider and the 
bearings. Fig, 44 shows a common arrangement of these parts 
in the open type of construrtion. Fig. 45 shows a semi-endoaed 
type, and Fig. 46 a totaUy enclosed motor. The principal struc- 
tural features of the various parts of the machine, with the excep- 
tion of the armature winding, are described in the following ar- 
ticles. The subject of armature windings is taken up in detail 
"tChap. III. 




n. Bipolar and Multipolar Machines. — Although for the sake 
uf siinpUdty muth of the preceding discussion has been based 
on the ussumptiun of a bipolar field structure, this type of field 
is seldom used except in machines of the smallest size. The 
actual number of poles generally varies from four to a maximum 
(iodJrecf^currentmachine8)of twenty to twenty-four, the number 
inerciising with the capacity, though not at all r^uiarly. The 
explanation of the principles underlying the choice of the number 
of poles in any given case must be deferred to a later section; in 
gMieral, however, the choice of the number of poles depends upon 
tbe consideration that the magnetic reaction of the arraaturi', 
wbon carrying current, cannot exceed definite limits without im- 
Jig the operating characteristics of the machine. Further, 
I an armature core of given dimensions, and with pole pieces 
Fcover a definite perceutage of the armature surface, the field 
D becomes more compact, up to a certain limit, as the number 
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of poles is increased beyond two. The optimum limit occur 
when the peripheral spread of the pole faces is approximately 
equal to the axial length of the pole face. A compact field frame 
is advantageous in that comparatively little of the &pld flux leab 
from pole to pole without entering the armature core. 

41. The Commutator.— The commutator is built up of wedge- 
shaped segments of drop-forged or hard-<irawn copper insulated ] 
from one another by accurately gauged thin sheets of insulating 
material, such as mica. The process of assembling a large number 'j 
of segments into a rigid structure is an interesting one. The aeg- \ 
ments, separated from one another by the mica insulation, are ! 
placed around the inner periphery of a sectored steel ring, as in "I 




Fig. 47, and the roppcr segments are then wedged together to 
form a rigiil circuhir arch l)y means of cap-screws tapped radially 
through the outer steel rhig. The V-shaped grooves are then 
turi;ed out and the commutator spider l>olted into place, aft^r 
whicli the auxiliary steel clamping rings are removed and the 
exleniiil surface turneil to true cylindrical form. 

The insulalion between the commutator and the supporting 
hul) coiisi.itM of molded mica cone« ami cylinders. The completed 
coniniutator must be given a high voltage test to insure the 
thorotigli insulalion of eucli segment from the Others and from the 
spider. The iiisnlation between adjacent segments does not have 
to be as heavy an that betwct^n llie segments and the commutator 
spider, for the latter must withstand the full terminal volti^of 
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I 111- machinr while the former is only ciilliil iipiin lo willistand 
tlif saiallcr voltage between segments. The average voltage 
ln-tweon udjiicent segments should not exceed lU to 15 volts in 
lighting and railway generators which are not of the commutating 
|Hile type, and from 20 to 25 volts in the case of railway motors. 
These liniitiog values of average voltage between segments arc 
itnitosed by the requirements of sparkless commutation, and 
they determine the minimum number of segments in the com- 
pleu-d couunutator. For example, if a 6-pole, 600-volt railway 
generator is to have not more than 10 volts between adjacent 
segments, there must be at least 60 segments between adjacent 
brushes of opposite polarity, or not leas than 360 segments in 
ilie entire commutator. The minimum diameter of the commu- 
i.'tor is then determined if the minimum peripheral width of a 
oL'graent is known; this minimum width is rarely less than J|g 
in. for two reasons : first, because the taper of the segments would 
result in too thin a section at the inner periphery if a smaller 
external width were used; second, because some allowance in the 
radial depth of the segments must be made to permit turning down 
the surface in case of pitting, blistering or wear. The thickness 
of the insulation between segments varies from 0.02 in. in low 
voltage machines up to about 0.06 in. in high voltage machines. 
The matrrial must be so aelecUfd that its rate of wear is the same 
as that of the copper bars. Amber mica is largely used because 
it meets this requirement. Commutators are sometimes built 
in such manner that the insulation does not come quite flush 

t'th the surface, thereby obviating thu necessity of selecting 
b material for a definite rate of wear. 
Commutators must be designed to have a sufficient amount of 
pmcd pi-ripheral surface to radiate the heat caused by brush 
friction and the loss due to brush contact resistance. The design 
must provide sufficient mechanical strength to withstand the 
centrifugal force. In the case of turbo-generators running at 
high speed the diameter Is limited by the consideration that the 
pcriphend velocity shall not exceed 8000 ft. per minute, hence, to 
-I'cure sufficient radiating surface the commutator must have a 
■ii.sidcrable axial length. To prevent springing of the segments 
I'y are held in place by steel rings shrunk over the segments, and 
-Xhoroughly insulated therefrom, a« shown in Fig. 57, 
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42. The Armature Core. Eddy Currents. — The armature 
core not only carries the magnetic flux from pole to pole, but re- 
volves through it in exactly the same manner as the conductors of 
the armature winding. If the core were soUd it might be thought 
of jis made up of a very large number of metallic filaments run- 
ning parallel to the armature conductors and all connected to- 
gether; in such a case each filament would be the seat of a gener- 
ated e.m.f., and currents would circulate in the mass of the core 
in the manner sketched in Fig. 48. The e.m.f. will obviously 
be greatest near the surface where the peripheral velocity and 
the active component of the flux are likewise greatest. To 
minimize these eddy or FoucavU currents, which, if unchecked, 
would r(»sult in excessive heating and loss of power, the core 
must be laminated in such a manner as to preserve the continuity 
of the flux path and to break up the current paths. The plane 

of the laminations must be at all 
points perpendicular to the direc- 
tion of the generated e.m.f . at those 
points; or, by Fleming's rule, 
parallel to the direction of the flux 
and to the direction of motion. 
Accordingly, in machines of the 

Fiu. 48.- -Kddy current pathH in ^jg^j^j ^^dial polc type, Fig. 44, the 
tuAul arniaturo con*. *^ . , .; * t« 

armature core is built up of thin 
sheet steel punchings insulated from each other; sometimes the 
insulation consists of a (coating of varnish on one side of each 
disk, but g(»nerally the oxide, or scah* that forms on the sheets, 
is relied uj)on to provide the necessary insulation; in some de- 
signs a layer of paper is inserted at intervals of an inch or two. 
Laminating the core does not completely eliminate eddy cur- 
rents, but th(^ loss due to them decreases as the square of the 
thickness of the sheets; the sheet steel ordinarily used in arma- 
ture cores is 0.014 in. thick. Armatures of the now obsolete 
disk type, Fig. 49, with active conductors arranged radially, 
had cores built up of concentric hoops, or, more practically, of 
thin strap iron wound as a flat spiral. 

Core punchings up to a diameter of about 16 in. are generally 
made in one piece, as in Fig. 50. The disks are first blanked out 
and tlie slots are then punched by a special punch press which 
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cuts one or more slots at a time. Core punchinga of this sort are 
generally keyed directly to the shaft, and are sometimes provided 
«itli holes near the shaft to form longitudinal ventilating pas- 
sives. Cores of large diameter arc built up of segments which are 
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FiQ. 49. — Laminal 




iiltaciied to the spider by moans of a dove-tail joint, as in Fig. 44 ; 

'be joints between segments are staggered from layer to layer in 

Drdct to preserve the continuity of the magnetic circuit. The 

rare punchings are held together by end flanges which, in the 

lasfl of small machines, are 

supported by lock nuts screwed 

'lirectly to the shaft; in larger 

waehinpB the end plates are 

fii'ld together by bolts passing 

through the laminations, but 

insulated therefrom, and the end 

plsies are shaped to provide a 

'iipport for the end connections 

■if the armature winding (see 

Fig. 44). 

Vmttlating ducts through the 
core are formed by means of 
fpaoing pieces placed at intervals 
of from 2 to 4 in. along the axis 

"! the core. The spacing pieces are generally made by rivet- 
'»? hraas strips, on edge, to a punching of heavy sheet steel, as 
illusttal^ in Fig. 51; or they may be made by pressing sphcr- 
i«il ilepressions into a thick punching; or by spot welding steel 
strips, nn edge, to the sheet steel punching. The ventilating 
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ducts vary in width from }-i to ?§ in. Thf spauiug piecps shoulrl 
be so designed as to support the teeth as well as the body of tJ:- 
core, in order to prevent vibration and humming. 

43. Shape of Teeth and Slots.— Fig. 52 illustrates typiral 
forms of teeth and slol-a for direct-current machines. Smooth 
core armatures are used only in special machines. Open slots 




with parallel walls are generaUy used, except in the case of very 
small machines, for the reason that they permit the use of in- 
sulated, formed coils that can be readily slipped into plai-f. 
Where semi-closed slots are used, the coils may be formed on a 
winding jig, but the wires of each side of a coil must be shppcd 
into the slot one at a time. The coils are held in place in open 
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Kir;. 52, — Typical shapM of teeth mid elats, 

slots either by steel or bronze banding wires, or by woodtx 
fiber wedges driven into the recesses at the tips of the t 
The embedding of the armature winding in the slots a 
double function ; the air-gap, or distance from the pole fjice tofl 
iron of the armature core, is less than it would be inasmooth-core 
construction having the same amount of armature copper, and ai 





5 the amount of field copper necessary to produce the flux; 
e annatureconductorsareaupportedby the teeth when sub- 
id. to the tangential forces caused by the reaction of the arma- 
B current upon the field flux. When the armature conductors 
ire thus embedded in the slots they are apparently shielded from 
the Inductive effect of the field flux, since the latter in large 
measure passes around the slots by way of the teeth. At first 
sight, therefore, it seems surprising that the fundamental equation 
for the generated e.m.f, is the same for a slotted armature as for a 
smooth-core armature. It must be remembered, however, that 
a line of force which at a given instant crosses the air-gap from 
the pole face to a given tooth tip, must later, by reason of the 
motion of the armature, be transferred from this tooth-tip to the 
following tooth. The line of force holdS on, as it were, to the first 
tooth in the manner of a stretched elastic thread, until the increas- 
ing tension causes it to snap back suddenly to the next tooth. 
The increased velocity of cutting of the lines of force by the con- 
ductors exactly compensates for the reduced value of the field 
intensity in the slot. 

it The Pole Cores and Pole Shoes. — The pole cores are gen- 
enlly made of cast steel. When cast steel is used, the poles 
usually have a circular cross-section because this results in mini- 
iiiura length and weight of the copper wire in the field winding. 
Laminated poles of course require a rectangular cross-section. 
iwlid poles are commonly bolted to the yoke. Laminated poles 
Way be secured in place either by a dovetail joint or may be cast 
into the yoke. 

The flux density in the body of the pole core, running as high as 
UO,000 lines per sq. in,, is considerably greater than can be eco- 
ntitnically produced in the air-gap. The average flux density in 
Ibeajr-gap should not exceed 62,000 lines per sq. in., hence the 
pole faces must have greater area than the pole cores. This 
iDcmteed area is secured by means of pole shoes bolted or dove- 
ImW to the core in the case of solid poles, or by means of project- 
ing tips or horns jiunchod integrally with the sheets composing a 
laminated pole. The pole faces or shoes are almost always lami- 
iiaivd, even when solid poles are used, in order to reduce the lo s 
and hinting due to eddy currents set up in tlm p<)Ie faces by the 
irroature icrth ; for, as shown iu Fig. 53, the flux passing between 
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the pole face and armature core tends to tuft opposite the tei-(i; 
and as the teeth move across the pole face these tufts are dran: 
tangentially in the direction of rotation until the Increasn,:; 
tension along the lines of force causes them to drop back to lli' 
next following tooth. The tufts of flux are therefore contmii- 
ously swaying back and forth, and if the pole face is considered :io 
built up of thin filaments, as at P in Fig. 53, each of the filanients 
will be cut by these swaying tufts first in one direction, then 
in the other, thereby inducing an alternating e.m.f. directed 
parallel to the shaft. To minimize the flow of current the pole 
face must therefore be laminated in planes parallel to those of 
the armature laminations, though the iaminie of the pole bIiqm 
do not have to be made as thin as those of the armature core. 
These pole-face eddy current 
losses will obviously be reduced 
by so proportioning the dimen- 
sions of teeth and slots as to pre- 
vent appreciable lack of unifo> 
mity in the distribution of the 
flux along the pole face. He 
determining factors in this pro- 
portioning are the ratio of slot opening to air-gap and the length 
of the air-gap itself. 

45. The Yoke.— The yoke is that part of the field structure 
which carries the flux from pole to pole, and at the same timR 
serves as a mechanical support for the pole cores. It is made of 
cast iron in small machines and of cast steel in larger sizes, or 
whenever saving in weight is important. The yoke is usually 
split on a horizontal diameter for convenience in assembling and 
repairing. In machines of moderate size the yoke is cast as an 
integral part of the bed plate; in larger sizes it is cast separately, 
but with lugs for bolting to the bed plate. 

46. Brushes, Brush Holders and Rocker Rii^. — The connec- 
tion between the revolving armature and the external circuit 
is made through the brushes, which are usually made of graphitic 
carbon, except in the case of low-voltage machines when they 
may consist of copper or copper gauze. In automobile lighll'^i^ 
generators and starting motors the bnishea are generally madt.' " 
a mixture of carbon and metallic copper. Carbon brushes :i; 
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adc of varying degrees of hardness to suit the requirements of 
tmmutation, as discussed in a later chapter. The graphite in 
vt brush serves to partially lubricate the commutator, which, 
fhen fitted with brushes of the proper composition, takes on a 
lolisbed surface of dark brown color. The width of the brush 
n the tiingential direction is generally from three to five times 
the width of a commutator segment, so that several armature 
coils are simultaneously short circuited. The carbon brush must 
have suffieient resistance to limit the current in the short circuited 
poik to a value below that which would result in sparking when 
the short circuits are opened. 

The brushes are commonly set at a trailing angle with respect 
to the direction of rotation, though in machines designed to run 
in both directions, such as railway motors, they are set radially. 
ViTien the tangential width of the brush has been decided upon, 
tbc total axial length of the brushes constituting a set is deter- 
iiiinfd by the consideration that there must be a contact area 
"f I sq. in. for every 30 to 50 amperes to be carried by the 
linisb set, though this current density may be exceeded in 
thi' case of interpole machines. The individual bnishea of a set 
must not be too large in cross-section, otherwise there would be 
difficulty in making and maintaining a good contact over its 
'tiiire contact surface. The subdivision of the set offers the 
^(I'iilional advantage of allowing the individual brushes to be 
'nmiiicd one at a time without interfering with the operation of 
ilii' machine when under load. Single brushes are used only in 
ilip rase of machines of small current output. 

The individual brushes are supported in metal brush holders 
«Kich are in turn supported by studs attached to, but insulated 
'rotn, ihe rocker ring, as illustrated in Fig. 54, The brush holders 
F^ne as guides for the brushes, and should allow the brush to 
slicli! freely in order that the brush may follow irregularities in 
Ihe commutator surface. The construction of the brush holders 
I'lum be such that there will be no vibration of the brushes, this 
'titiR a common cause of sparking. The brushes are held against 
*t'c L'ommutator surface by adjustable springs attached to the 
'il'ler, but in such a manner that the springs do not carry any 
"n-iit. The tension of the springs is adjusted until the brush 
"■"■scsagainet t he commutator with aforce of from 1.5 to 2 pounds 
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|)i-r s<|. ill, ()f coiitart n.\fi\. I rirrcasiiiK the. brush prewsun? almvi 
this limit dooa not miitL-riiilly lower the contat't rfsisUmco. i 
iiii'rt^nwM tht; sliding friction and, thorofore, resultn in incn-u-; 
loss of power and heating of the commutator. The ponnecu 
Ix'tweon the brush and the brush holder is made through a fli 
hie lead of braided copper wire, called a ptg-lail, whicli is 
tached to the outer end of the brush by means of a metjil h:'\ 
clamped tightly around the carbon. The carbon is generally 
copper-plated at its outer end to insure good eontart. 




47. Motor-generator. Dyoamotor. — It is frequently inn 
sary to convert direct current at one voltage into direct curn r 
at Borac other voltage, higher or lower than the first. Fur m 
purpose a inotor-geTWator is used. As ordinarily constructe.l 
motor-generator set consists of two separate machines, a moi 
and a generut<or, directly connected to each other, and iikiui>^ 
on a common bod plate, as illustrated in Fig. 65. Mot*)r-gcn< ; 
tors arc also used to convert direct current into alternating ^'i 
rent, or vice versa. This type of machine 1ms the ndvan':' 
that the voltiigc of the generator end may be controlled iii>i 
pendently of that of the motor ond of the outfit, 
efficiency of the set ia equal to the product of the 
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motor and generator. The power rating of the motor must 
L'l'riernl l.»e suffieientiy grcator than thiif. of the generator to 

..[[•jw for the tosses that occur in the double transformation of 

the energy. 
Instead of using two separate machines, as in a motor-generator 

'•■*. to convert the current from one voltage to another, it is 
-sible to combine the two into a single unit, called a dynamotor, 
.ing a single field structure and a single armature core. By 

..luviding the ai'mature of such a nmchino with two spparat« 




windings, each with its own commutator and brushes, current 

may l)e introduced into one of the windings, thereby causing 

motor action, while the other winding will then generate an e.m.f. 

rtiia lyt>e of machine is built in small sizes only. It is open to 

ihc objection that the voltage at the generator terminals cannot 

i n(ieiM>ndently regulated, but is fixed by the voltage impressed 

"in the motor terminals. The truth of this statement can be 

• [1 from the following reasoning; If the voltage impressed upon 

■ motor t,erminalfl is l'„, the rotation of the armature through 

' field fiux * will generate in the motor armature winding an 

iproximately equ-al and opposite e.m.f. (Art. 13); if there were 
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no ItNMM in the motor, this counter e.mi. wooM be cq^l 
beoee by equation (7) fl 




' " o. X 60 X lO- M 

flince thr Kpnemtor windinK rolatts throush tbeii^^^^| 
motor winding and at the saue speed, the geoo^^^^H 

"• ~ 0, 60 X 10" 

^•-°"-i; = «"»'"' 

The tliBa^J vantage of the (ixwl ratio of volti^e tnoafoi 
uflml by tim n^duwd oont of construction made poagRl 
ffingle urmuturc! and field structure. The dynanmtlir hi 
tiim a higliftr ctficicnry than a motor-generator, &imI isfl 

frw from troulilc due to armjiturc reat-tioii. 


: 




[ 


F,r.. &<1,— Turl.o-i!..|„.iui,.. .>■! 

48. Turbo-generators. — Gonerators for direct ooniu 
tc-am turbines must be dedigned for high spepd of rotat 
lie Btoam turbine devolo|>s il« mnxiiimm efficiency tn 
condition. TJic high rotative speed calls for spec^ ( 
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id the centrifugal forces and to [irovicle sparklees oom- 
B. The end-connections of Ihe urmature winding are 
place by metal end-shella in place of the usual banding 
ind the commutator segments are prevented from spring- 
■ft steel ring or rings shrunk over tlicm. To provide for 
Blory commutation these machinrs are provideci with 
■les (Art. 49) whose function it ia to generate in the coila 
teoing commutation an c.m.f. of the proper magnitude and 
Eon to reverse the current in the short tune required for the 
Kits fii piiss across Ihe brush. Fig. 56 rcprcsfnls a .lOO-kw. 




1500-r.p.m. set manufactmed by the General Electric 
y,- This machine has a double commutator, and the 
■ are clearly seen between the main poles. Fig. 67 
tt steel rings around the commutator of a 125-volt, 125>kv. 



merators require a high grade of brushes to insure 
tory commutation. The bru-shes wear down quite rap- 
d must be adjusted with great care. 
Commutatiiig Pole Machlnes.^A full discussion of the 
tin of commutating poles must be deferred to a later chap- 
rhe commutating poles, also called auxiliary poles or 
ttles, are small poles placed midway between the main 
tbey are wound with coils through which the armature 
t, or a fractional part thereof, is made to flow. Interpoles 
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an* us(»(l in machines where sparkless commutation would othc^ 
\vis(* l)e difficult or impossible of attainment, Jis in turbo-genoi> 
tors, variable speed motors, etc. 

60. The Unipolar or Homopolar Machine. — In the type of 
armature described in the preceding sections, the individual coib 
have generated in them alternating e.m.fs. which are then rec- 
tified by the commutator; the latter plays much the same partu 
the valves of a double-acting reciprocating pump. In the cen- 
trifugal pump, on the other hand, the developed pressure acts 
continuously in one direction, thereby obviating the necessity 
for the rectif\^ing valves, and the electrical analogue of the cen- 
trifugal pump is found in the so-called unipolar, or homopolar, or 
acyclic generator, shown in section in Fig. 58. In principle, this 

Load 




Fi(i. ,'ts.- Homopolar or acyclic generator. 

machine consists of a conductor so disposed in a magnetic field 
that the cuttiiij^ of the lines of force is continuously in one direc- 
tion; it is a true continuous-current machine. The armature 
consists of a metal cylinder A of low resistance, insulated from 
the shaft, and upon whose edges the two sets of brushes J?i and 
H'2j make sliding contact. The armature rotates in a magnetic 
field i)ro(luce(l by the exciting winding F, the path of the flux 
bein^ indicated by the dashed line. The lines of force pass 
radially across the* air-pip all around its periphery. 

If th(» int(Misity of the maj^jnetic field in the air-gap is B lines 
per s(i. cm., the axial IcMij^jth of the active part of the cylinder I cm. > 
and its j)eriph(Mal velocity v cm. per second, the generated e.m.f- 
will be c = Blr X 10~^ volts. The maxinmm c.m.f. obtainable 
with this typc^ of machine is determined mainly by the considera^ 
tion that B and v may not exceed definite limits; the length li^ 
likewise limited by such mechanical features as rigidity, freedoiT* 
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111 vibration, Mc At the high rate o( rotation required for 

■. i-casoiiable value of e.ni.f., difficulty is exppriencpi! in Hccnr- 

l: wood brush contact. Tliut; if B = 15,500 (100,(XH) liiit's pir 

, ill.), I = 60 cm. (about 2_ft.}, and v = 5000 cm. per second 

I out 10,000 ft, per minute), e = 46.5 volts. Because of the fact 

111 the armature consists of a single conductor of large cross- 

' tion, the machine la adapted for heavy currents at relatively 

\ voltage. Unfortunately, however, the magnetizing action of 

ill'' large armature current when the machine is under load so 

weakens the field produced by the exciting coil F that the voltage 

(irope considerably,^ 

The analogy between the homopolar machine and the centrif- 
ugal pump suggestB the idea that, just as high prcsaurea may be 
obtained with the latter by using several stages, higher voltages 
may be obtained with the former machine by using several in- 
ductors in series. Such a machine has been built by the General 
Electric Co.' for 300 kw. at 500 volts and 3000 r.p.m.; and the 
Westinghouse Electric and Manufacturing Company* has built 
one for 2000 kw. and 2()0 volts, running at 1200 r.p.m, 

61. Field Excitation of Dynamos. — In everj- dynamo-electric 
machine the generation of the armature e.ra.f. depends upon 
the motion of the armature inductors through a magnetic field. 
In the earliest types of machines this magnetic field was 
firoduced by permanent magnets; such machines are called 
magnet.o-elpetric machines or, briefly, magnetos. Their use is 
now confined to small machines intended for ringing call-bells 
in small telephone sj-stems, for gaa-engine igniters and for testing 
purpoei*. The field excitation of all other generators and motors 
is accomplished by means of electromagnets. The following 
u-jw^s of field excitation may be recognized: 
parate excitation 



" If excitation 



Series excitation 
Shunt excitation 
Compound excitation 



62. Separate Excitation. — In this type of field excitation the 
■ Id winding is traversed by a current supplied from a source 
J. E. NorKgerotli, Trans. A.I.E.E., Jan., 1905. 
me, Truna. A.I.E.E., June, 1912, 
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trxlcrnal to the machine itself, such as a storage batter;)' or anothei 
Kfrnerator. • The most prominent examples of this type are alt«i- 
natinn-ciirrcnt generators and certain kinds of low-voltage direct- 
niirri'iit g<-n(Tators used for electroplating. Fig. 59 rcprescnu 
diHgrammutically the connections of such a machine. 

63. Self-excitation. — The iiw 
electromagnets, separately 
excited for the production of 
~the magnetic field, 



was intro- 
duced by Wilde in 1862. A 
great step in advance was made 
in 1867 when Werner Siemeu 
discovered the principle of seU- 
excitation, whereby the armi- 
ture current, in whole or in part, 
was made to traverse the field 
winding, thus causing the ma- 
chine to develop its own ntac 
nc'tic ficlil. Self-oxcited machines may be divided into three 
clutMits, depending upon the connections of the field winding 
to the other parts of the circuit; these classes are teriet excita- 
tion, uhurU (;xcitatton and compound excitation. 





64. Series Excitation. — In Fig. GO, A represents the armature 
and N, S, N, S, the field structure of a four-pole machine. All o( 
the current taken by the external circuit passes through the field 
winding and the armature, since all these parts of the circuit an 
in series. The arrows indicate the direction of the current in the 
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i-ase of generator action" and for clookwise direction of rotation of 
tho armature. 

if the field structure of sucfa a machine is originally unmag- 
netizcd, rotation of the armature cannot generate e.m.f., hence 
there can be no current in the circuit. In order that the machine 
may aelf-excite, it is necessary that there be some residual mag- 
iK-tism in the field poles due to previous operation, or, in the 
(asp of a new machine, produced by sending current through 
the field winding from some suitable external source. Assuming, 
then, that residual magnetism is pre*ient, a small e.m.f. will 
be generated when the armature is rotated, and, upon closing 
tho external circuit through the load, a small current will flow. 
Thu! current will further excite the field structure, thereby devel- 
oping more e.m.f. and a still greater current, and jio on. This 
gradual increase of both e.m.f. and current wiU continue until 
» condition of equilibrium is reached, this being determined 
by the degree of saturation of the field magnet and by the resist- 
ance of the circuit, in a manner that will be discussed fully in 
the chapter on operating characteristics. 

!t is important to note, however, that if the field terminals are 
reversed the machine will refuse to "buildup" as described above. 
For in this case the generated e.m.f. will send a current through 
the circuit in such a direction as to neutralize the remanent 
maij^etism. Further, if the resistance of the circuit exceeds a 
critical value, the resultant flow of current may be insufficient lo 
produce the requisite magnetizing force. 

From the above description of the process of building up of a 
series generator, it is obvious that such a machine when running 
on open circuit (the receiving circuit disconnected) will develop 
ooly the small e.m.f. caused by residual magnetism; and that 

Hh incresiting current, as the external resistance is lowered, 

) generated e.ra.f. likewise increases, though not in general 

joportionally. 

The field winding of series machines consists of relatively few 

s of coarse wire. Since the entire current, i, delivered by the 

B to the receiver circuit must flow through the resistance, 

^of the field winding, there occurs a loss of power equal toiV/ 

I in this part of the circuit. Obviously, this loss must be 

( as small as possible in order that the efficiency of the dynamo 




100 



I'UlNCn'LES OF DIHECT-CURRENT MAVHINEK 



may not be seriously impaired, and since the magnitude of the 
current i is fixed by considerations of the load to be supplied, it 
follows that Tf must be kept as small as possible; hence the 
conclusion that the wire of the field winding must have laige 
cross-section and moderate length. 

66. Shunt Excitatioa.— 'Fig. 61 shows the same armature and 
field frame as Fig. 60, but provided with a shunt field winding. 
Fig. 61a- represents the connections in a simple di^rammaCic 
manner. It is evident that the exciting current now dependi 
upon the difference of potential at the brushes and upon the 
ohmic resistance 'of the field winding; it is not dependent upon 
the resistance of the receiver circuit in the same sense as in tie 
previous case, but only to the extent that variations of the 




of a shunt generator. 



exttTiial resistance affect the brush voltage. If the external 
circuit is entirely disconnected, the remaining connection be- 
tween anniiture, shunt winding and field regulating rheostat i* 
preoisoly the same as that of a series generator. On open ci^ 
cuit, therefore, a shunt generator will build up just as a series 
gcni'mtor docs under load conditions; if it fails to do so, it i* 
iisiiiilly beciiuse of one or the other of the reasons discussed in 
Ihc preceding section. 

It is clear, (herefore, (liat a shunt generator, unlike one ot 
the series type, develojis tull terminal voltage on open circuit, that 
is, when [io current is being supplied to the receiver circuit. Sup- 
pose, iKiw. that Ihe external circuit is closed through a consider- 
able resistance so that a small load current, /, is drawn from the 
generator. The armature current, which was originally equal to 
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, alone, now becomes (i + t.), and the effect of this increased cur- 
ent through the ohmic resistance of the armature is to cause a 
Irop of terminal voltage; this in turn results in a decrease of the 
exciting current, i«, and consequently also of the magnetic flux 
wd the generated e.m.f. As the load current becomes greater 
and greater the terminal voltage therefore becomes less and less. 
It is clear that the drop of voltage .will be minimized if the resist- 
ance of the armature is kept low. The drop of voltage under 
load conditions is also affected by armature reaction and by the 
degree of saturation of the magnetic circuit. A complete dis- 
cussion is given in Chap. VI. 

The field winding of a shunt machine consists of many turns of 
fine wire, for the following reason : If the terminal voltage of the 

V 
machine is V volts, the shunt field current, t„ will be - -, and the 

^» 

7* . 
powerless in the winding will be taV, = — ; since V is fixed by 

other considerations, it follows that r« must be as large as is 
feasible (in order to keep down t, and the loss of power) hence the 
use of wire of small cross-section and great length. 

The relation between the armature current ia, the line current i 
and the shunt field current t„ in the case of generator action, is 
given by the equation 

ia = i + 1$ (19) 

Jn the case of ffuAar action the relation is obviously 

i = ia + i. (20) 

It should be remembered that the armature and field currents of a 
shunt motor do not divide in the inverse ratio of their respective 
resistances, for the reason that the armature, when running, is the 
seat of a counter-generated e.m.f. The field current is given by 

Y TT p 

ii = — , but the armature current is /a = - - - ", where Ea is 
^B ra 

the counter e.m.f. 

56. Compound Excitation. — In some of the most important 
applications of direct-current machinery, such as incandescent 
Wing, street-railway operation, and the like, it is necessary to 
'Maintain a constant difference of potential between the supply 
"^ains no matter what the load may be. Since the center of the 
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load is usually at a distance from the generator, it. follows thai ' I . 
potential difference between the generator terminals should ri^i 
the external current increases, in order to compensate for the dr. 
of potential in the supply mains, Field windings adapted to gi . 
thia characteristic are called compound windings, illustratcil r 
Fig. 62 and diagrammatically in Figs. 63a and 63b. They ar. 




combinations of shunt and serica field windings. Connections 
made in accordance with Fig. 63a result in a shoTl-shunt winding, 
those of Fig. 636 in a hngshunl winding. The shunt winding 
of itself would produce a "drooping" characteriettc, that is, one J 
in which the terminal voltage falls with increasing current, as ex- I 
plained in the preceding section; but the series winding con- 1 
tributes field excitation which increases with increasing current, 




(a) 
Fio, 63. — DiagrBini 



impoDnil mactiitiM. 



hence the resultant effect will depend upon the relative magiu- 
tudes and directions of the magnetizing actions of the two fiel" 
windings. By properly proportioning them, the voltage-eurreo* 
curve may rise, in which case the machine is said to be orer- 
compounded; or the voltage may remain very nearly constao* 
for all permissible values of current, as in a fiat-compouadeo 




lachine; or it may fall at a greater or lesser rate than with the 
Aunt winding alone, giving rise to the classification of undcr- 
eompoundEd machines. 

In the short-shunt compound-wound generator the relation 
between armature current !„, line current i, and shunt-field cur- 
rent I, is given by 

L=i + i. 
The t<>rininal voltage V, and the generated e.m.f., Ea, arc related 
bv the equation 

Ea^V + irj + i>, (21) 

i the shunt-field current is given by 
I the long-shunt compound-wound generator these relations 



E„ = r -H 1 
. ^ 7 



J-, + i>» 



(23) 
(24) 



w. Construction of Field Windings,— In designing the field 
lings of shunt, series and conigxiund machines, the selection 
a correct number of turns and the cross-section of the con- 
ductors follows from a knowledge of the number of ampere-turna 
per pole required to produce the flux *, and from the dimensions 
of ihp pole core. The calculation of these latter quantities 
depends upon principles that are discussed in detail in Chap. IV. 
Assuming that the number of ampere-turns per pole and the di- 
mensions of the pole core are known, the determination of the 
Dice of wire to be used is as follows: 



I, = current in shunt winding 
V = terminal voltage at no load 

Vf = voltage consumed in regulating rheostat, varying 
from lU per cent, to 20 per cent, of V. 

object of the field rheostat is to permit an increase of i, by 
ig out a part or all of the regulating resistance, thereby rais* 
le generated e.m.f. 
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The resistance of the wiDding per pole is thea 
, V -t, <4tt,l, 

'■ - 'IT ' ' A- 



(JS) 



p = Bppcific resistance of copper at the working tciupers- 

ture of the winding (about 75" C.) 
n. = number of shunt turns per pair of poles 

/, = moan length of a tui'n 

A = area of cross-sectioii of coiuiuctor. 




- circular uiils. 



Flu. C4.— Ventilaled field coUa. 



If lengths are expressed in feet and cross-sections in circul. 
mils, p = I2.G at 75" C. Hence 

The mean length of a turn, /„ is found by assiuuing u dt-ji 
of winding of from 1 to 3 in. If the crosB-section of the [)■ 
core ia rectangular, /, will be approximaiply equal lo the ptTi 
etcT of the core plus four times the winding depth; if the [n 
core is circular, of diameter rf„ /,= ir{i?. ■(- winding dopil 
The winding depth must not exceed a definite limit, otherwise i 
heat generated in the interior of the core cannot readily Im? •■• 
duct(;d to the surface. As a. cheek on the calculations, it ni< 
1k! aflci-i'tnini'il that Ihe power Inst In the c()il (I'.'r.') docs i 
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Shunt coils are usually made of cotton-covored wires, of either 
round or rectangular section. Sometimes thfey are wound on 
mi'tal frames arranged to slip onto the pole cores ; sometimes they 
are wound on removable windinj; forms, the coils being held in 
^bpc by suitable insulating materials and dipped in, or painted 
iiilli, raoistu re-proof varnish. When mstal frames are used, they 

tare frequently made with a double wall K) allow the circulation of 
air between pole core and winding, as shown in Fig. 64. The coils 
of series-wound railway motors are usually impregnated with 
ioaulating compound, then tajwd and varnished. The series coils 

r 

^Hf compound and Interpole machine's are often made of copper 
strap, wound on edge, the turns being separated by distance pieces 
of insulating material, as shown in Fig. 65. 

In order that connections may be easily made between the coils 
of adjoining polos, the terminals of the coils are brought out on 
"pposit^ sidrrg, 80 that the number of turns per coil is an integer, 
pltw otio-half. 

BB. Field Rheostats. — To permit regulation of tlip voltage (»f 
slmul and compound generators, the current in the shunt-field 




Fro. (15.— laterpoli 



idgB-wound c 
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winding must be under controL To this end a variable reaiat- 
ance, orjidd rheostat, is inserted in series with the shunt winding, 
as shown diagrammatically in Figs. 61 and 62. This resistance 
is arranged in the manner shown in Fig. 66, taps being brought 
out from the high resistance wire or ribbon composing the resistor 
to a series of insulated studs over which moves an adjustable 
contact arm. The terminals are always 
brought out in such a way that clock- 
wise rotation of the regulating handle 
increases the resistance in circuit and 
so throttles the current in the manmr 
, of an ordinary valve. 

Field rheostats are generally arrangi'd 
to be mounted on the back of tin: 
switch-board, with the regulating handle on the front of thi 
board. Fig. 67 represents a field rheostat made by the General 
Electric Company. Field rheostats for .machines of large capac- 
ity are made of cast-iron grids, as shown in Fig. 68. 

In shunt and compound generators of large capacity the energ>' 
stored in the magnetic field is very considerable, amounting to 





Flo. 87.— Field rljp> 



J-iJ Zi.t.', where L, is the inductance of the shunt winding, 
inductance may have a value of several hundred henryB. 
instance, if L, = 600 and i. = 4, the energy stored in the ft 
4800 joules. If the field circuit is abruptly broken, tbtB t 
will liave to hv dissipated Jn the arc forme<l on breakinsl 
circuit; if, for example, the current were made to digapix 



lone-half second, the average rate of energy dissipation would be 
1 mn -r J^ = 9600 watta, and the average voltage induced by the 

f (nll^He of the magnetic field would bn ^.J,"= 60(1 X 8 = 4800 

. In this casp the arc would be very destructive, and the 




lu^ induced voltage would be likely to puncture the insulation 
of the wiading. To obviate this danger the field current must 
M gradually reduced before breaking the circuit. In large 
!fl the reduction of field current is accomplished by allow- 




^ 



Flu, 69. — Disgram of donnoi^tiunB o[ field disalm 

"■i the field windings to discharge through a fieUl discharge 
"^stance, connected in the manner shown in Fig. 69. 

M. Polarity of Generators. — In order that a self-exciting gen- 
fritor of any of the types already described may be operative, it 
8 newsaary that there be some remanent magnetism in the field 
'ystem; further, that the initial flow of current through the excit- 



10: 



PR/SC/PLES OF DIRECT-CURREKT MACHINES 



ing winding have such a direction that it will strengthen the 
remanent field. Iq other words, the polarity of the nsacbine ia 
determined by that of the remanent magnetism. 

For example, consider the conditions existing in the shunt- 
wound generators illustrated in Figs. 70a and 706, respecti\'dy. 
The machines are identical except that the remanent magnet- 
ism of the second is reversed with respect to that of the first- 




Fio. 70.— Effect of 

In each case the machine will build up if the direction of rotation 
is clockwise, but with the polarity of the terminals of the one - 
opposite to that of the other. With the connections as shown, 
counter-clockwise rotation would set up a field current which 
would wipe out the remanent magnetism, but with counter- 
clockwise rotation the machines would agaio 
boeonie self -exciting if the terminals of the 
field winding arc interchanged. 

In Figs. 70a and 70Ji, the armature windinfE 
is right-handed, that is, it is wound around 
the core in the manner of a right-handed screw 
thrciid. If Irji-handed armature windings had 
fni. 71. - i.i-fi- l)e(.ii used (Fig, 71), other conditjons rematn- 
:irM"iiuA-. """■""""' ing the same, annulment of the remanent mag- 
netism would again be the result. Finally, 
it is elear that the direction of the winding around the poles 
plays a similar rule. 

There are tiiercfore four elements which affect the polarity of 
such a machine; The seiist of the windings of armature and pole 
pieces, respectively; the direction of rotation; and the order of 
connections of the field winding terminals to the armature termi- 
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nals. With a given remanent magnetism, the machine will 
operate only when there is a definite relation between them. As- 
suming that the conditions for operation are satisfied, a change 
in any one of these four elements will cause the machine to 
counteract its residual magnetism, but a change in any two of 
them will not affect the operation. Thus, a right-handed arma- 
ture rotating clockwise in a given field flux will yield the same 
brush polarity as a left-handed armature rotating coimter-clock- 
wise in the same field. In general, a change in an odd number 
of the four elements will disturb conditions if they were previously 
correct, while a change in an even number of them will not affect 
the operation. 

60. Direction of Rotation of Motors. — The same types of field 
windings and connections as are used for generators find equal 





Fu. 72. — Diagrammatic sketch 
of series generator. 



Fio. 73. — Diagrammatic sketch 
of scries motor. 



« 

application in the case of motors. Series motors, when supplied 
with constant terminal voltage, fall off rapidly in speed as the load 
increases, or, to put it in another way, "race " as the load is re- 
Dioved; this characteristic of variable speed at constant terminal 
voltage is a sort of " mirror '* image of the series generator char- 
wteristic, namely, variable voltage at constant speed. The 
speed characteristic of the series motor adapts this machine to 
street railway and hoisting service. Again, the shunt motor, 
^hen supplied with constant terminal voltage, operates at prac- 
tically constant speed at all loads, just as the shunt generator 
Mvere a nearly constant terminal voltage (within limits of 
nuichme capacity) when driven at constant speed. An over- 
wmpounded generator used as a motor will rise in speeci witli in- 
creasmg load, if supplied from constant potential mains (s(»e 
Chap. VII.) 
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Let Fig. 72 represent diagrammatically a series machine used 
as a generator, the shaded half of the armature circle representing 
a belt of current flowing into the plane of the paper and the 
unshaded half representing current of opposite direction. If 
this machine is now connected to mains of the polarity indicated 
in Fig. 73, and is operated as a motor, its direction of rotation will 
be reversed as may be seen by applying (the left-handed) Flem- 
ing's rule. This means that a series generator supplying a 
network fed by other generators may reverse its direc- 
tion of rotation and so buckle the connecting rod of the 




Fiu. 74.— Showing direction of rotation of shunt generator and motor. 



driving engine. The fundamental reason for the reversal of 
direction of rotation is that both armature current and field cur- 
rent reverse simultaneously. If only one of these were reversed, 
the direction of rotation would remain unaltered. If, however, 
the motor. Fig. 73, is supplied with current from mains of reversed 
])olarity, the direction of rotation will be the same as before. 
To reverse the direction of rotation of a motor it is necessary to 
reverse the connections of either the armature or the field wind- 
ing, not those of both. 

In the case of two identical shunt machines, one used as a gen- 
?rator and the other lus a motor, as in Fig. 74, the direction of rota- 
tion is the same in both. A shunt generator supplying a net- 
work will, therefore, not reverse its direction of rotation if ita 
prime mover is disconnected or shut down, but will continue 
to run as a motor. Further, if the polarity of the line supply- 
ing a shunt motor is reversed, the direction of rotation will not 
l>e afTect(Hl since both i\M and armature current reverse simul- 
taneouslv. The direction of rotation of a shunt motor can be 
reversed by reversing the connections of either the armature 
winding or the field winding separately. 
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1. A concentrated rectangular coil of 50 turna, measuring 30 cm, by 
^ cm., is rotated at a uniform speed of 1200 rev. per tuin. about on axis 
i.-.--iQg through a diagonal of the rectangle. If the coil is in a uniform 
i^uetic field of 25U gaussos, whose direction makes an angle of 60 dcg. with 
sitr uia of rotation, what ore the maximum and average values of tiie gener- 
al e.m.f.? Whot are the positions of the coil with respect to the direc- 
iioD of the-fictd when the inatantancotts c.m.f. has (a) its maximum value, 
'!M i value equal to the average e.m.f.? 

1. If the rectangular coil of Problem 1 is replaced by a circular coil having 
the 3ame number of turns and a diameter such that it encloses the same area, 
whil will be the average e.m.f.? Ckimpare the average e.m.f. per unit 
leii;!th of wire in Problems I and 2. 

I. The S-pole alternator of Fig. 32 has a field flux of 4.5 X 10' lines per 
pol^ distributed sinusoidally around the periphery of the stationary arma- 
lure. Each of the S slots contains 24 conductors, alt conductors of the entire 
"iniling being connected in scries. If t!ie speed of rotation is 900 r.p.in., 
"hil »re the average and maximum volues of the generated e.m.f. 1 

i The alternator of Fig. 32 is provided with pole shoe* that cover 65 per 
wit ot the armature surface, and they are so shaped that the Bux of 4.5 X 
ID" lines per pole crosses the air-gap along uniformly distributed radial 
li)K«. If the number of armature conductors and the speed are the san)e as 
is Pnblein 3, what are the average and maximum values of the generated 
'-mi.? Construct a curve showing the variation of the e.m.f. from instant 



f, A ring-wound armature like Fig. 41 has 600 conductors distributed uni- 
lomir around its periphery, and rotates in a 0-pole field structure that pro- 
dura & flux of 2 X 10* lines per pole. At what speed must the armature 
ntat« lo develop an e.m.f. of 125 volts? 

t. If the total amount of wire on the armature of Problem 5 consists of 
800 (t, of No. 10 B. and 8. wire, which has a resistance of 4,086 ohms per 
llwuwod feet at 75° F., what is the resistance of the armature, measured 
Wireeo its terminals, at 85° C? 

T. Hie commutator of a machine which runs at 675 r.p.m. has a diameter 
of Ub. There are four sets of brushes, each set coasisting ot four brushes; 
Mcb JDdividual brush has a width of 1.5 in. and a contact arc of 0.25 in. 
^CODtoct pressure is 2 lb. per sq. in. of brush contact area, and the coefli- 
B^ al friction between carbon and copper is 0,3, What is the brush fric- 
to liM, e^tpreased in watts? 

t. AKriea-wound generator has a normal rating of 115 volts and 10 am* 
PMI, tad its field winding has a resistance of 1.5 ohms. The machine is 
to bt operated as a separately excited generator and there is available a 
fl^Tolt supply circuit. How should the machine be connected to secure 
Wnikl field excitation? 

t- A 115-volt shunt motor lakes a field current of 2,8 amp. and, when 
'^'B'lUig without load, an armature current of 3.0 amperes. When the arma- 
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turc is blocked, full-load armature current of 50 amp. is produced throujili it 
by an impressed voltage of 5.5 volte. What are the resistances of the* field 
and armature windings, and what is the counter c.m.f. generated in the 
armature when the machine is running under no-load conditions? 

10. The field structure of the motor of Problem 9 has 4 poles and the wind- 
ing is made of No. 15 B. and S. wire which has a resistance of 3.88 ohms per 
thousand feet at the working temperature. Each field coil is wound on a 
cylindrical bobbin and has a mean diameter of 7 in. Find the number of 
turns per coil. 



t 



CHAPTER III 
ARMATITRE WINDINGS 

61. Types of Armattires. — Armatures, considered as a whole, 
may be divided into three classes according to the shape of the 
core and the disposition of the winding upon it. These three 

classes are: 

1. Ring Armatures. 

2. Drum Armatures. 

3. Disk Armatures. 

The ring armature is one in which a ring-shaped core is wound 
with a number of coils, or elements, each of which winds in and 
out around the core in helical fashion, as in Figs. 39, 40 and 41. 
In these windings the coils are usually connected successively to 
each other so as to form a continuous circuit, the end of each 
elen^ent being connected to the beginning of the next adjacent 
element, but this particular feature is not essential to the 
definition. The characteristic feature of ring windings is that 
there are conducting wires inside the ring which do not cut lines 
of force, and which do not, therefore, contribute to the e.m.f. 

The drum armature differs from the ring armature in that no 
part of the winding threads through the core; the entire winding 
is external to the core. Each active wire, wound on the outer 
surface in a direction parallel to the shaft, is connected to another 
active wire by means of connecting wires which do not thread 
through the core, in the manner shown in Fig. 88. The only 
reason for having any opening in the core at all is to permit venti- 
lation and cooling. In bipolar machines the end connections run 
across the flat ends of the core and join conductors which are 
nearly diametrically opposite. In multipolar machines th(\v 
join conductors separated by an interval approximately equal 
to the pole pitch, so that the e.m.fs. in the conductors thus con- 
nected may be additive. 

The drum armature may be thouglit of as evolved from the 
ring type by moving the inner connections of the winding 
8 113 
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elements to the outer surface, at the same time stretching the 
coil circumferentially until the spread of the coil is approximately 
a pole pitch. 

The disk armature differs from the other two types in that the 
active conductors, instead of lying on the outer cylindrical sur- 
face of the core, are disposed radially on the flat sides of a disk. 
The disk revolves between a number of pairs of poles of opposite 
signs, so that the wires on both faces of the disk are active (see 
Fig. 49). Disk armatures are seldom used in modern practice. 

Of the three types of armatures described above, the drum 
armature is used practically to the exclusion of the others. One 
of the reasons for its original development was the desire to in- 
crease the percentage of active wire in the winding as a whole, 
the active wire being that part of the winding which cuts lines 
of force and so contributes to the total generated e.m.f. But 
the principal advantage of the drum winding is that it obviates 
the necessity of hand winding required in ring armatures, and 
therefore reducers the cost of manufacture; also, since the coils 
are wholly outside the core, they may be wound on formers, 
or winding jigs, and can be thoroughly insulated before being 
lipped into place. 

62. Types of Windings. — All armature windings, for both 
direct- and alternating-current machines, belong to one or the 
other of the two types, open-coil and closed'Coil windings. An 
op(»n-coil winding is one in which, starting with any conductor 
and tracing progressively through the winding, a "dead-end" 
is finally reached; whereas, in a closed-coil winding, the starting 
point will finally be reached after having passed through all, or 
some sub-multiple, of the conductors. The use of open-coil 
windings is at pres(»nt confined to alternating-current machines 
and n(»ed ixot, therefore, be considcTcd here. Open-coil windings 
were at one time us(»d to a large extent in direct-current series 
arc-lighting generators, such as the Brush and Thomson-Hous- 
ton machines.^ 

CLOSED-COIL WINDINGS 

63. Ring and Drum Windings. — In designing the armature 
of a generator or motor, the number of armature coililuctors is 

* See Dynamo Electric Machinery, S. P. Thompson. 
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determined hy tiie fundaineiital equation for the e.m.f. (equation 
7» Chap, II). /'The problem is then so to connect the various 
conductors into a closed winding that their individual e.m.fs. 
will add together to produce the desired total e.m.f., and in such 
away that the winding as a whole will 
be at all times symmetrical with re- 
spect to the brushes. 

In Figs. "5 and 76 there are shown 
three distinct types of closed-coil 
aiudings for a four-pole machine 
having 42 active conductors. Fig. 75 
ie a simple ring armaturej while the 
two parte of Fig. 76 represent drum 
armaturea. In these drawings the 
snail circles represent the cross-sec- 
tions of the active conductors lying 
Wi the cylindrical surface of the arnia- 
lure core; the end connections which serve to connect up the ac- 
tive conductors at the back, or pulley, end of the armature are 
dnvQ for convenience outside the bounding surface of the core, 




— Ring- wound 




(a) Lap U-)nilinr 

Fig. 76. 



iltbough in reality these end-eonnections lie on a cylindrical sur- 
'ice that forms an extension of the iron core and which baa a 
■lismeter slightly less than that of the core, in the manner shown 



lift 
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ill Fig. 88; similarly, the front, or commutator vnd connect ioiu' 
arc shown in Fig. 76 inside the hounding surface of (he core. 
though llicso, tuo, rest on a cylindrical surface. The arrangcmeat 
nf the windings shown in Fig. 76 is made clearer by resorting to 




tho d<-vi'l(i}K'd diiiEniins uf Figs. 77 and 78, which are dorivni 
fnini thiwo nf Fin- ?(> by rolling out the cylindrical surfaro "1 
the annatun' cure info a phuic. 




A ■li-tirii-iivr iliffiTiTu-'' Iniwiiri llu' ring winiling of Fig. '•' 
ami iIi.mIi'uih wiinliiiirsof I'ijr. 7i"i is dial in ihi- fiirmcr tlicbrusUc!= 
■ >fciii>y |»i.>-i(iiiri-; nil liriis rniiiwriy li.'lwi-cii tin- piJe fijis while i" 
111.- hut.r th.v :ii- pl;..v,i .-LJi.iMsl .linvtly -m.irr llu- midrll.- 'rf 
Ihcjiolr ra.Ts. h. :,ll .-iis.'s. h.mvv.r, ill.' .-Ii-innitfi c.t i-oils th;il 
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•short-circuited by the brushes during the coiuinutation period 
e so located that the coil edges are passing through the neutral 
me between pole tips. The position of the brushes themselves 
epends entirely upon the shape of the end-connections which 
oin the coil edges to the commutator segments. In most com- 
nercial machines the individual coils are shaped like those of 
Figs. 77 and 78, but they might conceivably be formed like those 
q{ Fig. 79, and the commutator connections of a ring winding 
might be made in the manner shown in the left-hand diagram 
of that figure; under these conditions the brush position of 

the ring winding might be anywhere under the poles, while in 
■ the drum windings the brushes would be midway between the 

pole tips. 
64. Winding Element. — It will be seen that in each case the 

winding consists of a number of identical elements which are 

shown in heavy lines in Figs. 76 to 78, inclusive. An element 




Fio. 79. — Winding elements having more than one turn. 



Qiay be defined as that portion of a winding, which, beginning at 
a commutator segment, ends at the next commutator segment 
encountered in tracing through the winding. It will be evident 
at once that an element may consist of more than one turn, i.e., 
of more than two active conductors; for instance, Fig. 79 repre- 
sents elements of windings similar to those of Figs. 75 and 7G, 
^'"t with two turns each, instead of one. 

Small machines for relatively high voltage, railway motors for 
mstance, frequently have as many as five turns pvr eleniont; but 
inmachines of large capacity there is, as a rule, only one* turn per 
element for the purpose of improving ooinniutation. Kvctv 
tune an element passes though the neutral zone of the iuagn(»tic 
neld the current which it has bc^n carrying must be reversed in 
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direction; hence its self -inductance must be kept as small as 
possible in order that the reversal of the current may not be 
impeded, and as the coefficient of self-induction increases as the 
square of the number of turns, the number of turns should be a 
minimum, or unity, for best results. 

66. Ring, Lap and Wave Windings. — The three windings of 
Figs. 75 and 76 belong, respectively, to the ring, lap, and trove 
types of closed-coil windings. The derivation of the terms lap 
and wave winding will be evident from an inspection of Figs. 77 
and 78; in the former, the successive elements lap back over each 
other, while in the latter they progress continuously in wave 
fashion around the periphery of the armature. 

It will be noted that in both lap and wave windings the two 
sides of a coil or element are subjected to the influence of adjacent 
poles of opposite polarity, so that the e.m.fs. generated on the 
two sides add together. In a simple lap winding, the end of any 
element, say the xth, connects to the beginning of the (x + l)8t 
element, and the beginning of the (x + l)st element lies under 
the same pole as the beginning of the2:th element; in a wave wind- 
ing, however, although the end of the arth connects to the be- 
ginning of the {x + l)st element, the latter is not under the same 
pole as the beginning of the xth element, but is separated from it 
by a double pole pitch. 

The study of the arrangement of the windings shown in Figs. 
77 and 78 is greatly facilitated by preparing winding tables, in 
the manner illustrated below. Thus, taking the lap wound arma- 
ture first, the order of connections of the conductors is, starting 
with conductor number 1, 1^12-3-14-etc., or in tabular form, 

1 12 

3 14 

5 16 

7 18 

9 20 

11 22 

13 24 

15 26 

17 28 

19 30 

21 32 

23 34 
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25 36 

27 38 

29...... 40 

31 42 

33 2 

35 4 

37 6 

39 8 

41 10 

1 (winding closes) 

The gradual advance or creep of the winding around the pe- 
riphery may be emphasized by arranging the numbers of the table 
in accordance with the following plan, where the letters aS, N, S, 
N are spaced apart at a distance representing the pole pitch, the 
letters themselves being at the center points of the pole faces. 

S N S N 

1 12 

3 14 

5 16 

7 18 

9 20 

11 22 



itations of space prevent the completion of the entire table 
on the printed page. 

Proceeding in the same way with the wave winding of Fig. 78, 
the winding table is 



1 


12 


3 


14 


6 


16 


7 


is 


9 


20 


11 22 


13.. 


24 


15 


26 


17 


28 


19 


30 


21 


32 



34 

36 

38 

40 

42 

2 

4 

6 

8 

10 

32 1 (winding closes) 



.23 

.25 

.27. 

.29. 

.31. 

.33. 

.35. 

.37. 

.39. 

.41. 



If this table is arranged like the one immediately above, so as to 
show the creep of the winding, it would appear in part as follows: 
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S N S N 

1 12 23 34 

3 14 25 36 

5 16 27 38 

7 18 29 40 

9 20 31 42 

11 22 33 2 

13 24 35 
4 15 2C 37 
(i 17 28 39 

etc. 

An oxiiniination of the directions of the current flow in Figs. 
75, 77, and 78 will show that in the case of the first two diagrams 
there are four separate and distinct paths for the current through 
the winding (a = 4); each of these paths will carry one-fourth 
of t h(» (»ntire current supplied to the external circuit in the case 
of jj;(»nera1or action, or supplied from the line in the case of motor 
action. In Fig. 78, on the other hand, though there are four 
poles as in tlu* ()th(T machines, there are only two paths through 
the winding (a = 2). Other things being equal, therefore, the 
wave* winding shown in the diagram will generate twice the 
e.ni.f. of either of th(» other two in accordance with the funda- 
mental e<iuation 

'^ ~ a GO X 10« 

or, what amounts to the same thing, the same e.m.f. will bo 
generatcnl with only half the number of conductors required 
by a ring or lap winding. Furthermore, the diagrams show 
that four brushes are re(iuir(»d in the cases of the ring and lap 
windings, while two will suffice in the case of the wave winding. 
These two facts in conjunction explain the reason for the use 
of wave windings in i\u) case of direct-current railway motors. 
where the combination of the cramped space and the moderately 
high voltnge reqiiin^ a mininuun number of conductors; and no 
less important, considerations of accessibility for inspection and 
repairs limit the number of brush sets to two. 

Lap and wave windings are oft<*n n^ferred to as parallel and 
series windings, respectively. 

66. Number of Brush Sets Required. — Inasmuch as the cur- 
rent in an element must undcTgo commutation once for each pas- 
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sage gf the element through a neutral zone, it follows that the 
clement may be short-circuited by a bruah at each such reversal. 
Since the number of neutral zones and consequent reversals is 
equal to the number of poles, the number of permissible brush 
sets may in all cases be the same as the number of poles. In 
lap windings and in simple ring windings of the type shown in 
Fig. 75, the number of brush sets must be equal to the number of 
poles. But in wave windings, though p brushes may be used, two 
lirushca will suffice irrespective of the number of poles. Thus, in 
Fig. 80, which shows a wave winding for a 6-pole machine having 
thirty-two armature conductors, any two of the three negative 
brushes a, b, and c may be omitted, as b and c (provided that a 
corresponding pair of positive brushes are removed at the same 
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t 80. — aii-pole wave windinB. sbowing elementn Bhort-drcuited by bruah, 

which case the remaining brush, for example, brush a 

jl Fig. 80, will short-circuit three dements in series when it spans 

I Adjacent commutator segments. The three elements thus 

jfaort'^ircuited by brush a are shown in heavy lines; in the posi- 

iOQ shown in the figure, brush b', if it is present, will short-circuit 

1 three elements shown as dashed h'nes. Fig. 80 also makes 

^elear why two brushes instead of six, will suffice to collect the 

rent, for it will be observed that brushes a, b, and c are con- 

Bted not only by the external conductor A but also by the 

■circuited elements shown in heavy lines; those elements 

) in the neutral aone, consequently have little or no e.m.f. 

■ated in them and are, therefore, equivalent to additional 

I conductors joining the three brushes; hence conductor A 

I any two nf the brushes a, b, and c may be omitted. But 

K'<hriu<hi« It mid c .-iri' rclniiied, il. will In* nhsiTved that bnisliCB 
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a, b, and c, which are connected together to form one terminal 
of the machine, operate in pairs to short-circuit single elements. 
This reduces the e.m.f. of self-induction to one-third of the value 
that would otherwise have to be handled, thereby improving 
commutation conditions. 

67. Simplex and Multiplex Windings. Degree of Reentrancy. 
— If two identical ring-wound machines are connected in parallel 
as indicated in Fig. 81, the combined current output will be 
double that of either machine separately. The same result may 
be attained, together with economy in the use of material, by 
placing two independent windings on the same armature core, 
subjected to the magnetizing action of a single field structure, as 
indicated in Fig. 82a. Here both the winding elements and the 
commutator segments of the independent windings are "sand- 





Fio. 81. — Armatures in parallel. 

wiched" or imbricated. The same result might also be secured 
by using two independent commutators, one at each end. Wind- 
ings of the type of Fig. 82 are called duplez windings as distin- 
guished from the simplex windings of Fig. 81 and those preceding 
it. Obviously, there is nothing to prevent the multiplication 
of independent windings so as to form triplex, qucuiruj^f etCi 
windings. 

Drum windings, both of the lap and wave varieties, may be 
treated in the same way as has here been described for the case of 
ring windings. It will be noted that the interleaving of the com- 
mutator segments of the component windings requires the use of 
brushes of sufficient width to collect the current from each pair 
of circuits at a neutral point. 

A multiplex winding is equivalent to two or more simplex 
windings in parallel with one another. Thus, a duplex winding 
is equivalent to two simplex windings in parallel; a triplex wind- 
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mg is equivalent to threu simplex wmdings in parallel, a quad- 
ruples to four, and so on. 

It has been pointed out in connection with Fig. 75 that sim- 
ple ring windings necessarily have as many armature circuits in 
parallel as there are poles; the same thing Is true in simple lap 
windings of the kind illustrated in Fig. 77, as is easily imderstood 
when it is considered that the only difference between ring and 
lap windings is that in the latter the successive turns lie on the 
nirface of the core instead of looping through it. But in wave 
windings, of the type shown in Figs. 78 and 80 there are only 
two paths through the armature irrespective of the number of 




-Duplex armaturo windings. 



poles. Because of these facts lap windings are often called 
poraBel or muUiple windings, while wave windings are called 
fries or tao-dratit windings. 

From what h^s been said above, it follows that a duplex lap 
winding has 2p armature circuits in parallel, a triplex lap has 3p 
parallal circuits, and an i-plex winding has xp parallel circuits. 
Sunilarly, a duplex wave winding has 4 parallel circuits, a triplex 
wave has 6, and an 2-pIex wave has 2x parallel circuits, independ- 
ently of the number <^ poles. 

The arrangement illustrated in Fig. 82a shows two independent 
vindingB each containing twelve elements, or twenty-four in all. 
Suppose, now, that one of the twenty-four elements is omitted. 
Mid that the remaining twenty-three elements, uniformly spaced, 
We connected alternately, as in Fig, 826. Instead of having two 
independent windings, each closed upon itself, as in Fig, 82a, 
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there is now hut a single closure; hut a study of the diroetion of 
current flow, indicated hy the arrowheads, will reveal the in- 
teresting fact that there are still four paths through the armature 
from brush to brush, just as in Fig. 82a. In other words, both 
drawings of Fig. 82 illustrate duplex windings, but the former is 
dotibly reentrant while the latter is singly reentrant. The meaning 
of these terms will be clear w^hen it is considered that a closed 
winding may be thought of reentering upon itself; thus, if in 
tracing through a winding, all of the conductors are encountered 
before coming back to the starting point, there is but one closure 
or reentrancy, and the winding is therefore singly reentrant. 
But if, on arriving at the starting point after tracing through the 
given connections, it is found that only half of the total number of 
conductors have been encountered, it is necessary to begin to 
trace through the remaining half before a second closure results, 
in which case there are two separate closures or reentrancies, and 
in that case the winding is doubly reentrant. The degree oj 
reentrancy of a winding is, therefore, numerically equal to the 
number of ind(»pendent, separately closed windings on the 
armature. Thus, it is possible to design windings- as triplex, 
triply reentrant; triplex, singly reentrant; quintuplex, singly 
reentrant, etc. 

It should be understood that all of those conclusions apply with 
equal forc(? to lap and wave drum windings, the ring type having 
been used in the above discussion solel}- for the sake of simpUcity. 

68. General Considerations. — The first systematic analysL** 
of the relations to bo satisfied in order that a symmetrical closed 
winding might result was th(» work of Professor E. Arnold of 
Karlsruhe, who published the result of his studies in 1891. The 
following derivation of the* fundamental formulas is based upon 
that of Prof(\ssor Arnold. 

Probabl}' the first (juestions that will present themselves to the 
student exaniininjy; diagrams like those of Figs. 77, 78, and 80 are: 
How does on(^ know in advance the num])er of coil edges to be 
stepped over in joining tin' end of one ])undle of wires to the be- 
ginning of the next? Thus, in Fig, 80, the order is 1-6-11-16, 
etc.; would not some other order of connection do equally well? 
And what would be the effect of changing the total number of 
coil edges from 32 to some other number? The answer to these 
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I related questions is implicitly involved in a general equation 
rering all kinds of closed windings; this equation is derived in 
lucceeding article. 

89. Number of Conductors, Elements, and Commutator Seg- 
ments. — Without regard to the number of turns per element, 
ng windings usually have only one active coil edge per element, 
rUle drum windings have as a rule two active coil edges per ele- 
oent. Further, in accordance with the definition of an element, 
here must be as many conunutator segments, S, as there are ele- 
ments. Consequently, in ring windings the number of commuta- 
tor segments is equal to the number of active coil edges, while in 
drum windings the number of commutator segments is usually 
equal to half the nmnber of coil edges. S must of course be an 
integer, but it may be either even or odd; therefore in ring wind- 



^ 



K 



7 



III .^v 

(o) 



111 I 



TTTT 



(6) 



Fig. Sd. — Elements having four active coil edges. 



^gB which have one turn per element and in which S is odd, the 
Dumber of peripheral conductors may also be odd; but the number 
rf elements in ring windings is usually made even, and more par- 
icularly in simplex windings a multiple of the number of poles 
'i order that each branch path of the armature may be at all 

• 

Unes identical with all of the others, in which case the number 
f conductors will be even. In drum windings, no matter whether 
► is even or odd, and irrespective of the number of turns per ele- 
ment, the number of conductors must be even. 

Since the number of active conductors, Z, must be a simple 
Qultiple of the number of commutator segments, S, it follows 
hat the study of the arrangement of conductors may be reduced 
one involving the order of connections of the elements to the 
commutator, so that the quantity S is the* factor of importance*. 

In certain drum windings it is desirable to reduce the number 
of commutator segments to a value smaller than that which corn*- 
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sponda to one segment for each pair of active coil sides. Thit 
can be accomplished in the manner indicated In Fig. 83, where 
each element has four active edges. 

70. Winding Pitch, Commutator Pitch and Slot Pitch.— 1 
Fig. 77 it will be observed that the back, or pulley, end of . 
edge No. 1 is connected to the corresponding end of coil edge N 
12, and the front or commutator end of No. 12 is connected lu 
the front end of No. 3. The number of coil edges passed over 
in this way is called the winding pitch; thus in Fig. 77, the bad 
pilch, which will be designated by yi, is + 11, while, the Jroni 
pitch, or yn, is — 9. In Fig. 78 both front and back pitches are 
positive and equal to 11. 

Again, in Fig. 77, the beginaing and end of each clement are 
connected to adjacent commutator segments, whose numb«S 
differ by unity. Similarly, in Fig. 78, the terminals of the dfr- 
ments are connected to segments which d iff ernumerically by 11. 
This numerical difference between the terminal segments of an 
element is called the commutator pitch, y. 

In slotted armatures the number of slots spanned by a coi! or ' 
element is called the slot pUch. 

Lap windings are right-handed or left-handed, respectively, 
depending upon whether j/i is numerically greater or less than y.- 
In other words, if one faces the armature at the commutator pod. 
the winding is right-handed if it progresses clockwise from ;i'g- 
ment to segment of the commutator in tracing through the cir- 
cuit. On the other hand, wave windings are right- or left-hand«i 
according to whether one arrives at a segment to the right or left, 
respectively, of the starting point after tracing through p/2 elf- 
ments, where p is the number of poles. Thus, in Fig. 80, the 
winding is left-handed, 

The algebraic sum of the front and back pitches is a measure 
of the total advance or retreat per element in tracing through tb6 
winding. Thus, in the case of the simplex lap winding of Fig. 77. 
the back pitch is 11 coil edges, while the front pitch is - 9 coil 
edges, representing a net advance of 2 coil edges per element. At 
the same time the ends of the element are separated by 1 si-fr 
ment, hence the net advance in terms of commutator segments '^ 
only half as great as the advance in terms of coil edges; obviously 
this is due to the fact that the number of commutator segments 
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> (mly half as great aa the number of coil edges. Id general, in 
implex Zap toindinga, 

2y = yi~yi = 2y (1) 

[n the case of the wave winding of Fig. 78, the front and back 
^hee are both equal to 11, so that the net advance per element 
b22 coil edges; but the advance per clement, in terms of commu- 
tator aegments, is only half as great, or 11, since here again there 
tre only half as many segments as coil edges; hence in simplex 
Hw vjindings, 

2y = »i + 1/s = 2j/ (2) 

Id windings where there are more than two coil edges per 
demeot, aa in Fig. 83, say n coil edges per elemcDt, 
2j/ = ny 



^ Sv _ yi+yt + y>+ . ■ ■ + y^ 



(3) 



This case rarely or never occurs in practice, nearly all windings 
being designed with only two coil aides per element. 

71. Field Displacement — Reference to Figs. 77 and 78 will 
■how that the terminals of each ele- 
ment of a winding are connected to 
eomiDUtator segments which do not 
(Kcupy exactly corresponding posi- 
Htme with respect to the axes of the 
pole pieces. There is a field dia- 
liaetmerU, or creep of the winding, 
between them which may be ex- 
pteased in terms of the number of 
entuDutator segments, m, by which 
tbey fail to occupy homologous posi- 
tions. Thus, in Kg. 84, which repre- _ 
•oita a portion of the lap winding '" '"' lap^win'dmg™""""^ 
cj Fig. 77, the field displacement be- 
tween the ends of an element is one segment, whence jit = 1 
= V; in the ring windings of Fig. 82, m = 2 = y. 

In wave windings there is a somewhat similar state of affairs. 
Thug, Fig. 85 represents a portion of the wave winding of Fig. 78, 
from which it is dear that while the terminals of an clement arc 
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separated by an interval approximately equal to a double poli* 
pitch, so that the ends of an element are very nearly similarly 
placed with respect to poles of the same sign, the actual inten^al 
differs from the double pole pitch by an amount which is again 
a measure of the field displacement, or creep of the winding. Il 
is clear that if this creep did not exist in the case of a wave 
winding, the winding would close upon itself after traversing a 
number of coil edges equal only to the nmnber of poles. 

In both Figs. 84 and 85 the field displacement is positive in 
sign, that is to say, the winding creeps ahead in a right-handed 
direction. In Fig. 84, if the front and back pitches were+ 11 
and — 13, respectively, instead of + 11 and — 9, the field dis- 
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Vm. 85. — Field displacement in wave winding. 

placement would be m = — 1, and the winding would retrogress 
in the left-hand direction. In the same way, it is possible to 
connect up the 42 coil edges of Fig. 78 so as to form a wave wind- 
ing by using a front pitch of + 11 and a back pitch of + 9, in 
which case also m would be negative, and the winding would be 
left-handed. 

In wave windings in general, referring to Fig. 85, it will be 
seen that the conmiutator pitch is equal to the double pole pitch 
(expressed in terms of commutator segments) plus or minus the 
field displacement (also expressed in commutator segments). 

Since the number of commutator segments in a double pole pitch 

2*S 
is , it follows that 

y = ^ ± 7n (4) 



V 




In l«p windings, 
that in general 



(6) 



where/ = 2 for ordinary wave windings, and/ = for lap wind- 
ings. The quantity /may he called {he field step of the elements, 
the term field step meaninR the nearest whole number of pole 
pitches between the ends of an element; thus, in wave windings 
iht ends of an element are separated by nearly two pole pitches, 
so that / = 2; whereas in lap windings the two ends of an ele- 
ment are under 1 he influence of the same pole, so that / = 0. 

72. Number of Armature Paths. ^In the simple ring winding 
o' Fig. 75, where the ends of each element are separated by one 
wnimulator segment, so that m = 1, it is easy to see that there 
are IS many circuits or paths through the winding as there are 
[wlpa. But in Fig. 82, both parts of which are ring windings 
for a bipolar machine, the field displacement is two segments 
("i = 2), and, as has already been pointed out, the number of 
armature paths is four, or twice as many as there are poles. It 
msy therefore be inferred tliat there is adefinite relation between 
till" field displacement m and the number of armature circuits. 
.\gain referring to Fig. 75, it is easy to see that if we start with 
M element like number 1, in contact with a negative brush, and 
follow in order through elements 2, 3, 4, etc., the successive field 
displacements (in this case each equal to 1 segment) become 
tumulative and ultimately amount in the aggregate to seg- 

nifitts; and that then the advance has brought us to the next 
jmilise brush and one complete armature path or circuit will 
liiive been passed over. 

Precisely the same remarks apply to the lap winding of Fig. 
"" and the wave winding of Fig. 78. There is no difficulty in 
nipreciating the truth of this statement in the case of the lap 
"iiiling; and such difGeully aa may exist in the case of the wave 
*miiing is easily resolved by actually tracing through such a 
'Irawing as Fig. 78 or Fig. 80, noting carefully the commutator 
-'^merts aa they are enctruntered in the passage from a brush 

"' one polarity to a brush of the opposite polarity. 
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In general, therefore, if we trace through a winding beginning, 
say, at a commutator segment in contact with a negative bnish, 
there will have been a field displacement of m segments by the 
time the next segment, in order, has been reached; advancing 
through the second element to another segment, the total field 
displacement will amount to 2m, and so on until the total field 

displacement amounts to segments, when a complete path will 

have been traced out. But in this process there will have been 
encountered a total of, say, S' segments, and since the field dis- 
placement per element is m segments, the total displacement in 
tracing through one complete path will be mS' segments; hence 

I 

mh = 

P i 

or 

j 

^(j, = rnp in 

Since S' segments are encountered per path, the total number of 

paths must be 

S 

S^ = « 

which is necessarily an integral number, hence 

mp = a 
or 

m ='' (8) 

P 

Thus, in ordinary ring or lap windings, where the number of ■ 
paths equals the number of poles (a = p), the field displacement 
is m = i; in duplex ring or lap windings, which have twice as many 

paths as polos, m = =2; or, in general, m equals the degree of 

multiplicity of lap or ring windings. In wave windings, on the 
other hand, m is generally fractional; thus in a simplex wave 
winding, when? a is always 2, ni = }<^ in four-pole machines (see 
Fig. 78), m = }ii in six-pole machines (see Fig. 80), m = ^^ in 
eight-pole machines, etc. ; in duplex wave windings, where a = 4, 

4 6 

it follows that m = , and in triplex wave windings m = . 
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73. General Rtiles. — In the case of ordinary lap windings it 
bis now been shown that 



while in the case of wave windings it is 

« yi + yt » 25 25 ± a 

y o — — ;^ ± ^ = — 



(9) 
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From these equations there may be deduced certain convenient 

rales for determimng the order of connections of the coil edges, 

thereby fixing the design of the 

winding elements. 
It has been pointed out in a 

previous section that the number 

of coil edges (2S) of a drum wind - 

^ is necessarily even. If, then, 

the coil sides are numbered, half 

of them will bear even numbers 

and the other half odd numbers. 

Since each coil side proceeding 
outwardly from a commutator 
segment must have a return path 
through another coil edge, the 
itumbering may be so arranged 
that the even numbers will con- 
stitute the outgoing group while 
the odd numbers will comprise 
*II of the return group. This means that even-numbered coil 
edges will be connected to odd-numbered coil edges at both ends, 
therefore, front and back pitches mtist be odd. This is a general 
rale for all drum windings provided the numbering is cjarried out 
in accordance with the system indicated in Fig. 86. 

1. Lap or Parallel Windings, — An examination of the formula 

If = ± - shows that there are no restrictions upon the number of 
P 

elements, which may, accordingly, be even or odd. In the 
great majority of commercial windings there are only two coil 
per element (n = 2), so that 
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Fig. 80. — Standard numbering 
of coil edges. 
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2/1 - t/2 = 2y = ± 2 - = ± 2m 

P 

from which it follows that the pitches miLst differ by twice tk 
degree of multiplicity in addition to their being odd. There n 

mains the further condition that both yi and yt must not diffR 

2S 

too greatly from the pole pitch, — , as otherwise the e.mis. d 

the connected sides will not be effectively additive. It is not 

2S 
essential that the average pitch approximate — so far as mere 

closure is concerned, and in certain so-called chord windings or 
fractional pitch windings the average pitch is purposely made 
smaller than this value. 

As an example of these rules, it may be observed that in Fig. 77 

Z = 42 S = 21 p = 4 a=4 

y = m = - = 1 2/1 - 2/2 = 2y = 2 i/i = 11 2/2 = 9 

Had the pitches been made 9 and 7, respectively, or 7 and 5, the 
winding would close, but it would be an exaggerated form of 
chord winding. 

Since m = = y, it follows that in an m-plex lap winding the 

commutator pitch equals the degree of multiplicity. Thus, in a sim- 
plex lap winding the ends of an element are connected to adjacent 
segments; in a duplex winding they are separated by one seg- 
ment, etc. 

2. Wave or Series Windings, — The general formula 

fS ±a 

y = 

^ p 

reduces to ?/ = — ^ — ^ = — ~ — for most commercial winding 

2 p 

of this type. It is clear that the choice of S, and therefore of tb< 

number of active conductors, is not unlimited as in lap winding^ 

In Fig. 80, for instance, which represents a simplex wave windin 

32 -P 
for a 6-pole machine, a = 2, ;> = 6, 2S = 32, hence y = — t,^' 

= 5 or 523. The latter value of y being impossible, we muS 

2S 
take J/ = 5. Since the pitches must approximate = 5}^^ 
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select i/i = ?/2 = 5, though vahies*of 7 and 3 would result in a 
closed chord winding. 

The restriction upon the number of elements in wave windings 
frequently causes the use of '* dummy coils/' Suppose, for ex- 
ample, it is necessary to design a simplex 4-pole wave winding to 
be placed on an armature core having 65 slots, each slot being of 
sufficient size to acconmiodate four coil sides, in the manner of 
Rg. 86c. .This means that Z = 260, assuming each coil edge to 
consist of a single conductor, and of course this value of Z must 
accord with the fundamental equation (7, Chap. II). Summar- 
iiing, 2S = 260, a = 2, p = 4; whence 

260 ±2 c^i/ eel/ 
y = — ^ = 64H or 65>^ 

But since y must be an integer, the value of 2*S nearest to 260 that 
will satisfy the equation is 258 {2S = 262 is impracticable be- 
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cause the maximum number of coil edges that can be placed in 
the slots is 260). Taking 25 = 258, it follows that there must 
l^eone element, consisting of two conductors, that is not a part of 
the winding; it is put in simply to fill up the space in the two slots 
which cont-ain only three active conductors each. Therefore, 

jf s — ^ — =64 or 65. Since 2/1 and 2/2 must he odd, and 

= y, the following pairs of pitch values are pos- 



further *" t ^* 


= y, the 


sible: 


1 


»i = 65 


[yi = 63 




l»t = 65 1 


[y, = 67 



yi = 65 

i!/* = 63 



2/1 = 63 
j/2 = 65 etc. 



yi = 67 

[y* = 63 

^fitctical considerations in this particular case dictate the use 
™ Vi = 65. For if the coil edges are numbered in accordance 
'nth Fig. 86, it will be seen from Fig. 87 that the back ends of 
inductors 1 and 3 may then be joined to conductors 66 and 68, 
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respectively, thereby allowing the conductors to be insulated to- 
gether in pairs and facilitating the placing of the bundles in the 
slots. 

In wave windings the field displacement is given by w* = '» 

so that after tracing through p/2 elements, corresponding to one 

circuit of the periphery, the total displacement is ^ X - = o 

commutator segments. Therefore, in simplex windings (a = 2) 
the end of the p/2th element connects to a segment adjacent to 
the starting segment; in duplex windings it connects to the nert 
but one, etc. 

3. SerieS'parallel Windings. — The ordinary wave winding 
results in but two paths (a == 2) through the armature irre- 
spective of the number of poles. But it is possible to secure any 
multiple of this number of paths by a suitable choice of S in the 
general formula. Wave .windings having more than two paths 
are called series-parallel windings. Thus, if a 6-pole armature 
has 154 conductors wound to form 77 elements, it may be ar- 
ranged as a 4-Gircuit (duplex) wave winding; substituting 

/ = 2, S = 77, o = 4, and p = 6 in the equation y = - — =^» 

there results t/ = 25. 

74. General Rule for the Degree of Reentrancy. — If, in the 

general formula, 

fS ± a 

the two sides of the equation have a common factor q^ we have 

yj<l-^, or t/' = ^^-±^' (12) 

q V ^ V 

which means that the original winding is really made up of ? 
independent windings, each of which has S' = elements and a 

commutator pitch of y% the latter counted with respect to the S 
segments. That is, the winding will be multiplex and multiply 
reentrant of the qih degree in the event that y and S have a 
common factor q; it will be singly reentrant if y and S are prim^ 
to each other. 
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In ordinary duplex wave windings (f — 2) 

^ 2S ±4 ^ 2(S ±_2) 

y ^ ...^ 

from which it follows that if y is even, that is, contains 2 as a 

factor, S must also be even because must be an integer and 

p is always an even number. This leads to the simple rule that a J 
duplex wave vnnding is doubly reentrant if y is even; and to the // 
corollary that it is singly reentrant if y is odd. 
In triplex wave windings in which / = 2, 

2S±_6^2(S±^ (13) 

P P 

Suppose now that y contains 3 as a factor, in which case y = 3x, 
where £ is an integer; then from (13) 

3x I = S ± 3 

P S , . 
2^=3±^ 

Therefore, since n'X ^ integral, S must be a multiple of 3, nencc 

the winding is triply reentrant. Henc6 a triplex wave winding 
^fM he triply reentrant if y is a muUiple of 3, and it will be singly 
reentrant if ;/ is not a multiple of 3. 

In the case of quadruplex wave windings, however, such sim- 
plifications of the general rule are not possible. Such windings 
niay be singly, doubly, or quadruply reentrant. Thus, if / = 2, 
fl == 8, and p = 6, S = 79 leads to a singly reentrant winding 
in which y = 25; 5 = 82 results in a doubly reentrant winding, 
y * 26; and iS = 80 gives quadruple reentrancy, y — 28. 

76. Recapitulation of Winding Rules. — The conditions that * 
niust be satisfied by the various windings discussed above may 
be summarized as follows: 

A. Lap Windings, — 1. The number of elements, S, may be 
any number, even or odd (though preferably a multiple of the 
number of poles), consistent with the condition that it must 
satisfy the relation 

2 X number of turns per element 
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where the number of turns per element is commonly one, though 
it may be two or more depending upon commutation require- 
ments; and the number of peripheral conductors, Z, must satisfy 
the equation 

o 60 X 108 

2. The winding pitches, j/i and y2j expressed in terms of th« 
number of coil edges spanned, must be approximately equal to 

2S 

and must both be odd. 
P 

3. The numerical difference between the winding pitches 
must be 2 in simplex windings, 4 in duplex windings, 6 in triplex 
windings. In general, the difference between the pitches must 
be twice the degree of multiplicity. 

4. The commutator pitch, expressed in terms of the number oi 
commutator segments between the ends of an element, must l>e 
1 in simplex windings, 2 in duplex windings, 3 in triplex windings. 
In general it must be equal to the degree of multiplicity. 

5. The number of armature circuits in parallel is equal to tl^^ 
number of poles times the degree of multiplicity. 

6. The degree of reentrancy is necessarily single in simpl^^ 
windings: in duplex windings it will be double if S is even, sini^^^ 
if S is odd ; in triplex windings it will be triple if 5 is a multiple o^ 
3, single if S is not a multiple of 3. 

B. Ware Windings, 1. The number of elements, S, must o^ 
course satisfy the condition that 

.s- = J 

2 X number of turns per element 

and where Z in turn satisfies the equation 

p ^Zn 
a 60 X 108 

and, in addition, S must satisfy the relation 

2.S ± o 

y = -- - — 

where y must be an integer. 

2, The winding pitches //i and y^ must be approximately equal 
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they musf. both be odi i- and thrir nvprnfrr- miiml Up fq^ifll 



commutator pitch. i i. 

le number of armature circuits, a, to be substituted in 
HBUlft 



be twice the desired degree of muUiplicity. 

rhc degree of reentrancy is necessarily single in simplex 
Sings: in duplex windings it will be double if 1/ is even, single 
is odd ; in triplex windings it will bo triple if v is a multiple of 
angle if y is not a multiple of 3. 






76, Two-layer Windings. Examples of Drum Windings. — An 
ispection of any of the windings of Figs. 77, 78. 80, etc., will 
">* that the end-connections of successive conductors proceed 
Iternately in opposite directions. If all of the conductors lay 
same cylindrical surface, as in the case of smooth core 
"naturi's, the crossing of the end-connections would make the 
■'"111 winding process difficult of execution. But where slotted 
iiiaturea arc used, if the conductors are arranged in two layers, 
nd-connections of the upper layer may all proceed tn one 
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direction while the end-connections of the lower layer, at the mw 
end of the armature, may all proceed in the opposite directinn 
as in Fig. 88. Since the upper and lower layers include all il" 
odd and even numbered coal sides, respectively, conductor? m 
the top layer must connect to others in the lower layer, the trau- 




itiou being effected by the peculiar bend in the coil shown rt B> 
Fig. 89. 

It is easy to recognize an armature as lap or wave woiudt 
when the conductors are made of bars or strips of copper, by ob- 
serving the relative directions of the top end-connections at w 




Vm. W).— Shuwlng direction of cud ponneclioiM in kp mid wni-o wiDdin^ 

two ends of the arinfttur«. Thus, if the top end-conncctinn 
when produced, meet at or near the center of the core, as in i 
90o, the winding is a lap winding; whereas if the top end-cowi 
tione nrv parfiUel, as in Fig. 906, the winding is a wave ¥ 
Figs. »1 to IM, inclusive, show clearly how a sli(^t 
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ifie uuinber of coil edges will change fclie winding ^roin single 
fe^otrancy to multiple reentrfiucy. ThuH, in Figs. 91 and 92, 
I although both windingB (duplex lap) have identical pitcheB, the 
I '<wner, with 62 coU edges, is singly reentrant, while the latter, 
with 64 coil edges, is doubly reentrant. Electrically, however, 
these bindings have identical properties, except for the slight 
difference in e.in.f . due to the different number of active conduct- 




\ 

I f"' 81.— DuplM Up windioB, iingly reentrant. Z - 02, 5 - 31, u - 2, 

If. - + 17, irt - - 13. 

Similar remarks apply to Figs. 93 and 94, which show 
SDgJjr- and doubly-regntrant duplex wave windings. Note that 
in Fig. 93 the pitches {y, yi and yt) equal 17, but that pitches 
of 15 would also work out correctly; and that in Fig. 94 it would 
ibo be possible to design the winding with pitches of y = 14, 
1-, = 15, V, = 13. 

77. Equipotendil Comiectioiis. — Consider a parallel-wound 
jtroiature like Fig. 95, which represents diagrammatical ly a 
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winding for an 8-polc machine. The eight parallel ptlhi 
through the armature from terminal to terminal arc shown some- 
what more clearly in their relations to one another in the diagran 
of Fig. 96. It will at once appear that if each path is to carryiti 
proportionate share of the total armature current, each path 
must at all times generate the same e.m.f. and have the saint 
resistance as all the other paths. In any case, the current viH 
divide between the eight paths in accordance with Kirchboff'i 




laws for divided circuits, namely: (1) the summation of all the 
potential differences in each closed circuit must be sero; (2) the 
sum of all currents meeting at a point must be zero. If for an/ 
reason the e.m.f. generated in one path is greater than in another, 
for instance, if that of circuit 3-2' is greater than that of 3-3', 
the brushes 2' and 3' will not have the same potential and an 
equalizing current will flow in the lead joining brushes 2' and 3'. 
Even very small differences of potential may give rise to internal 
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lalizing currents of large magnitude, owing W the low resiat- 

!e of the circuits, ho that excessive heating of the winding and 

irking at the brushes may result if preventive measures are not 

ployed. 

riie causes of possible unequal e.m.f8. in the various paths are 

follows: 

I. The armature may not be exactly centered with respect to 

; pole shoes, due to natural irregularities in construction or to 




f the boarings. The air-gap ia conspquently not uniform, 
i some of the poles therefore carry niore flux than others, 
why grncrating more e.m.f, in the coils subject to their influ- 
ve than is generated in coils under tlie weaker poles. This 
use is of importance in lap and ring windings, where each 
nature circuit is at any one time under Ihe influence of one 
; in wave windings each path is simultanoously acted 



j^nly; in wa' 
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Upon by all of the poles, hence this type of winding is free flW 
the disturbing effect of non-unif onn polar flux. 

2. The poles may not all be identical in construction, bo (hit 
their fluxes may differ even if the air-gap is uniform. Thus, th> 
joints between the poles and the yoke, or between the pole com 
and the shoes, may not all be equally good, or the magnetiiiof 
effect of the field windings may differ, especially in cases vbeR 
the field coils are connected in parallel instead of in series. 




3. The armature circuits may be unsymraetrical, due to 
choice of number of elements which is not an exact multiple 
the number of paths. In this connection it should be obsern 
that in multiplex windings there is always dissymmetry betvei 
the circuits, due to the fiict that the brushes short^ircuit i 
un(!qu;il number of elements of the component windings (Fig. 97 
This kind of asymmetry will give rise to equalising currents ev 
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the individually generated e.m.fs. are equal, because the circuits 
ive slightly different resiatances. 

The equalizing currents are a source of loss because ofthe 
tra beating caused by them. This effect can be minimized by 




hTing (or the greatest possible degree of magnetic and electrical 
nnmetry. To obviate the remaining difficulty of sparking at 
w commutator, reaort is had to the use of equipoUtntial eonnec- 
i^M, vhich are low-resbtance conductors joining points in the 




nding which, under ideal conditions, wouldatall times have the 
ae potential. Thus, in Fig. 98, the points n, b, c, d, B.nAa' ,b',c' , 
etc., are always under the influence of corresponding parts of 
ra of like sign. Should irregularities exist, equalizing current 
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will flow through t hcse ronnections, rclievinR the brushes (^ 
oxtracurreitt aiJtlpiwctitiii}rHp»rk!n)c. Thcequiilizingcuni 
of course an altornutiitg one. Tho cqui potential coiiiieclioi 
casionally referred to as the equalizing rings, arc sometimes pi 
between the commutator and the armature core under ll 
connections; in large drum armatures they are generally mo< 
on the exposed side of the core as in Fig. 99. 

When the equipotential connections were first introduce 
Mordey they were intended to reduce the usual immber of 
3etB. Thus, it is clear from Fig. 98 that two brushes niigl 




Fio. 99. — EquatiiiiiB ringa of large lap-wound arntature. 

expected to take care of the entire current, since the commi 
segments that would be touched by three of the brusbes o! 
polarity are already connected to the fourth brush by .the wp 
ing connections. The difficulty arising from the use of 
brushes is that all of the armature circuit* are not identt 
ated »vilh respect to the line terminals, the extra 
the equalizing connections between the remote armal 
and line being sullicieot to introdiitT an unbnlnncing 
euilfi. In present practice the number of bruiib wta 
dooed when equalizing cotmections are uaed. 
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PROBLEMS 

iw the development of a simplex lap winding for a 4-polc drum 
; having 96 coil edges. Use pitches of +25 and —23. Show posi- 
brushes and indicate direction of current flow in each element, 
a winding table corresponding to the drawing, 
iw the development of a simplex wave winding for a 4-pole drum 
i having 94 coil edges. Use (a) pitches of +23 and +23; (6) pitches 
ind +23. Show positions of brushes and indicate direction of cur- 
r in each element. Prepare a winding table corresponding to the 

Irum armature has space for 600 coil edges. Find all possible lap 
e windings, suitable for an 8-pole field structure, up to and in- 
quadniplex windings. Each element is to consist of one turn, 
nty back and commutator pitches and degree of reSntrancy in each 

i armature core of a 4-pole, 550-volt railway motor has 57 slots and 
ed with a two-circuit winding. If the flux per pole is 3 X 10* and 
d is 1200 r.p.m., how many conductors are necessary and how 
ley be arranged? 

-pole generator has a rating of 15 kw. at 125 volts and 1170 r.p.m. 
aeter of the armature is 12 in., the length of the armature core is 
id the pole arc is 70 per cent, of the pole pitch. The armature 
ots, each containing 4 conductors, and there are 47 commutator 
!. Knowing that the flux density under the pole faces is in the 
hood of 50,000 lines per sq. in., specify the type of winding and 

the winding and commutator pitches. 

average length of an end-connection of the winding of Problem 
te taken as 1.5 times the pole pitch. If the winding is made of 

and S. wire, what is the resistance of the armature at 80** C.7 
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THE MAGNETIZATION CURVE. MAGNETIC LEAKAGE 

78. The Magnetization Curve. — Every dynamo consists of 
an electrical circuit interlinked with a magnetic circuit. The 
armature winding is the electrical circuit in which the e.m.f. is 
produced in the case of a generator and in which the working 
current produces the torque in the case of a motor. In either 
case, the activity of the armature is dependent upon the magni<i 
tude of the magnetic flux, and the latter, in turn, is dependent 
upon the magnetizing effect of the field winding and the relucr 
tance of the magnetic circuit in accordance with the relation 



Fhix = * = - 



m.m.f. 



Since 



it follows that 



E = 



reluctance 



a m X W 



E = 



7; Zn m.m.f. 

a 60 X 10^ reluctance 



which moans that E is a function of the field excitation; the graph 

of this function is culled the magnetization curve, or the saturation 

curve, or the no-load characteristic. 
If the magnetic circuit had constant 
reluctance, the no-load characteristic 
would be a straight line through the 
origin, but since the permeability of 
the iron of the magnetic circuit falb 
off as the flux increases, the flux does 
not bear a constant ratio to the m.m.f.; 
the result is that the no-load charac- 
teristic droops below the straight line 

form, as indicated in Fig. 100. 

The (lashed lines in Figs. 101 and 102 represent the mean 

paths of the flux in typical forms of bipolar and multipolar ma- 
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Fig. 100.- MaKnctizutiuu 
curve of a dynauio. 
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ttincs. These lines are so drawn that they pass through the 
tenters of gravity of the sections of the tubes of induction. It 
viU be. observed that a complete path or magnetic circuit, such as 
C, Fig. 102, includes the armature core, two seta of teeth, two 
ur-gaps, two pole shoes, two pole cores, and the connecting yoke. " 
A magnetizing winding P on one pole will set up the same flux 
in each of the paths C and C (assuming perfect symmetry of 
construction) since these paths are in parallel. A similar wind- 
ing on every alternate pole would then magnetize all the poles 
j equally, hence the excitation required to drive the flux through 
r a complete magnetic circuit is the excitation per pair of poles. 




The excitation per pole is, therefore, that required to maintain 
the flux in a magnetic circuit such as abed. Fig. 102, consisting 
of a ang^ lur-gap, one set of teeth, one pole shoe and core, and 
half of the connecting circuit through the armature core and the 
yoke, field excitation is generally expressed in terms of the 
number of ampere-turns per pole; or in terms of ampere-turns 
per pair of poles. 

The magnetization curve is of great importance. Whether the 
machine is to be used as a generator or as a motor, the form of the 
magnetization curve will largely tlotermine its opcratins cliurac- 
teristics. Conversely, a given set -of specifications will in Inrgc 
measure fix the form of the magnetization curve. It is, t ticrcfoio, 
apparent that the determination of this rurv«' is of fuiidamciiliil 
importance. In the case of a completed machine the magnctiza- 



I tu 

f Bb 
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tion curve can be determined experimentally; it can also be 
culated when the dimensions of the machine and the iiatiu 
the raateriaia used in its construction are known. 
79. Experimental Detennination of Magnetizfttion Cun 

Since 

o P ^W _ 

* reluctance 

turns 
it is clear that it is only-necessary to run the machine at ai 
Btant speed n (driving it with a motor or other suitable IH 
mover) and to observe a series of simultaneous pairs of vallH 
E and ampcrc-turna. In the above equation (1) ^ ia the e.i 
generated in the armature 
rotation through the flux) 
duced by the field cun* 
therefore, to measure S 
reetly, the armature mus| 
without current, that i>, 
must be on open circuit. ' 
machine must then be M 
rately excited during this | 
as in Fig, 103, current b 
supphed to the field wini 
from a suitable extA 
source, controlled by a variable resistance R and measured 
an ammeter A. The procedure then consists of varying. 
current A by means of R, and taking a reading of voltmeter | 
each setting of A, the speed being kept constant throughout; 
Inspection of equation (1) indicates that with a fixed vain 
field excitation the generated e.m.f. E would be directly | 
portional to the speed. This is, however, not quite true; fi 
is possible that current may flow in those elements of the ax 
ture winding which are short-circuited by the brushes, and ti 
ehort-circuit currents may easily reach values of sufficient D 
nitude to react upon the flux and so affect the generated ej 
To reduce the disturbing effect of these short-circuit eurren^ 
a minimum, it is necps.'mry to cut down the o.m.f. which | 
rise to them, and, with a given field excitation, thia can be^ 
by reducing the speed. It is best, therefore, to dete 




^ 
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DecroMing 
Sxcitatton 



ignetization curve at a speed considerably below the rated 
eed, and then to multiply the observed voltage by the ratio of 
ted speed to the speed actually used. The effect of the current 
. the short-circuited coils of the armature is dicussed in niore 
etail in Chap. VIII. 

The form of the magnetization curve obtained experimentally 
I not the same if the exciting current in the field winding is first 
Tadually increased from zero to a max- 
Ddum and then gradually reduced from 
his maximum back again to zero. The 
observed readings when plotted take the 
orm of Fig. 104. 

The difference between the two curves 
8 due to the hysteresis of the iron part 
tf the magnetic circuit, hysteresis being 
he name given to that property of iron 
or other magnetic substance) by virtue 

i which the induced magnetism lags behind changes in the 
nagnetizing force. 

80. Calculation of the Magnetization Curve. — To analyze the 
nethod of computing the coordinates of points on the mag- 
netization curve, the following symbols will be used: 




Increaiing 
Exclution 



Reld Ampere-Tonu 



Fig. 104. — Effect of hys- 
teresifl on magnetiiation 
curve. 



Part of circtiit 


Crow- 
section 


Length of 
path 


Flux 
density 


Amp.-turns 

per unit 

length 


Total 
amp.- 
turns 


Annature core 

Teeth, one set 

Air-gap, single 

Pole shoe, single 

Pole core, single 

Yoke 


A. 
A, 
A, 
A. 
A. 
A, 


u 

s 
I. 
k 
I, 


B, 
B. 
B. 
Be 
B, 


ata 
alt 
at, 
at. 
ale 
aty 


ATa 

ATt 

ATg 

AT, 
ATc 
ATt, 


. 


*M. M ff 



The total ampere-turns per pair of poles will then be 

Ar = ATa + 2ATt + 2AT„ + 2AT, + 2AT, + ATy 

Since for any path x 

fj _iw AT, 
' ~ 10 h 



(2) 
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(all quantities boin;; oxpicsscd in o.g.s. units), the requS 
number of ampere-turns for the length L ia 






AT = aU. 



ampere-turns per em. i 

2a(,./, -I- 2al,.6 + 2ot..l. + 2at,.K + aij, { 



The magnetization (B-H) curves of magnetic materials a 
usually plotted in terms of B and a( (the Iatt<?r being simt 
0.8//), so that when the values of B for the various parts of I 
circuit have been determined, the corresponding values of 
may be read from the curve and substituted in the expression I 
AT. Fig. 23 shows magnetization curves for the usual commi 
cifti materials, the coordinates being plotted in terms of met 
and also of English units. If English units are used, the t 
preasion for AT becomes 

AT = al',.l\^-2ai',.l',+2at',.&"-^2al^,.l',+2Qi'J'^^-al\^',{ 

The general method of calculating the coordinates of points 
the magnetization curve then consists of assuming a number 
values of the generated e.m.f. E, ranging from about a quarter 
full-load value to, say, 25 per cent, in excess of that value. ' 
each value of e.m.f. thus selected there will correspond a value 
3 determined by the equation * = 



flux. 



- X 60 X il 



this value of * then fixing the flux density, Bi, in each part, z, 
the circuit. Having determined Bi, al^ is found from Fig. i 
whence 

AT = Zai..L 



the sutnmation bring extended over a complete closed circu 
such as C, Fig. 102. 

81. Magnetic Leakage.^The flux per pole, *, may be dwi 
nated the useful flux, j^ince it is this flux which is involved in t 
production of the generated e.m.f. But the entire flux produo 
by the magnetizing action of the field winding does not penetra 
the armature, an appreciable part of it "leaking" across fro 
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le to pole, and in general between all points which have be- 
een them a difference of magnetic potential. This 'leakage 
IX," ^, increases the total flux from * to 

$< = $ + ^ 
rhe ratio 

- = 1 + -^ = . (5) 

18 called the leakage coefficient, or preferably, the coefficient oj 
dtsperston. It is always greater than unity, and in machines of 
the usual radial multipolar type ranges from about 1.1 to 1.25, the 
krger values corresponding to small machines. Since the leak- 
age flux must traverse the poles and yokes, the cross-section of 
these parts must be sufficiently large to carry it as well as the 
useful flux, hence the necessity of keeping down leakage as much 
as possible. The conditions to be satisfied to attain this end are, 
accordingly, minimum reluctance of the main magnetic circuit and 
maximum reluctance of leakage paths; this means, practically, a 
compact magnetic circuit made up of short poles, the interpolar 
spaces being wide and of small section. 

The magnitude of the coefficient of dispersion is not constant 
for a given machine under all conditions. The leakage flux, ^, 
being mainly in air, is very nearly proportional to the m.m.f., 
while # is less and less proportional to the m.m.f. as the satura- 
tion of the iron is increased. In general, therefore, J' = 1 + ^ 

increases more or less with increasing excitation. 

Methods for the calculation of the coefficient v will be given in a 
subsequent section. For the present it will suffice to state that v 
is a function of the dimensions of the machine. This introduces 
a difficulty in a new design because the flux densities, etc., cannot 
be determined until the dimensions have been decided upon, and 
the dimensions are themselves dependent upon $t and, conse- 
quently, also upon v. It is therefore necessary in such a case to 
assume a value of v in accordance with previous experience, pro- 
ceeding then to the calculation of ^t and the dimensions. The 
true value of v can then be calculated and the tentative computa- 
tions modified in case the discrepancy is sufficiently large to 
warrant a readjustment. 
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82. Details of Calculation of Magnetization dure.- 
1. Ampere-turns Reqihred for the Air-gap. — ^The grea 
permeability of iron as compared with air is responsible for th 
fact that the reluctance of the air-gap often constitutes from 70 U 
90 per cent, of the entire reluctance of the magnetic circuit. Th« 
accurate determination of the excitation consumed in the au^ 
gap is, therefore, of predominant importance. 

Two different cases arise in practice: (a) smooth core armatures, 
and (6) slotted armatures. 

(a) Smooth Core Armatures. — In a machine having p poles, the 

angle subtended by the pole-pitch is — . The angle P subtended 

by the pole shoe is usually between 0.55 and 0.7 of — ; the quantity 

B X 100 

—Q—/ — is called the per cent, of polar embrace. If the flux 

crossed the air-gap along radial lines, the determination of fi# 
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FiQ. 105. — Fringing flux at 
pole tips. 



1 



FiQ. 106. — Spread of flux at 
flanks of pole shoes. 



and ATg would be very simple; actually, however, the flux 
spreads out beyond the pole tips, as indicated in Fig. 105, and 
there is a further spreading at the flanks, as illustrated in the side 
elevation, Fig. 106. The flux always distributes itself in such fl 
way that the total reluctance is a minimum. The spreading of the 
flux is equivalent to an increase in the length of the polar arc 
from h to 6', and an increiuse in the axial length from I to V, The 
mean flux density in the gap is then 



Ba = 



6T 



(6) 
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tnd since in air B » JET, it follows that 

AT^ = 0.8Bgd (7) 

all dimensions being in centimeters. If the inch is taken as the 
unit of length, 



ATp = 0.8 72Mr«(*" ^ ^'^^^ " 0.3133B/'5" 

For practical purposes it is sufficiently accurate to take 6' as 
the average of the polar arc b, and of the arc on the armature 
subtended by the angle P and increased by 25 on each side; that is, 

b' = H[b+ (^ + 45)] = |(d+5)+25 (9) 

Similarly, V may be taken as 

r = J + 25 (10) 

incase the axial lengths of pole shoes and armature core (between 
heads) are the same. If these lengths are not equal, let them 
be represented by Z, and Z, respectively; then b'V in the above 
equation for Bg should be replaced by an area Ag such that 



Aa = 



A'a + A'\ 



(11) 



where A% is the area of the pole shoe and A''^ is the area on the 
annature core threaded by the flux. Obviously 

A'g = bU (12) 

and 



A^=(f + 45)Z 



(13) 



(6) Slotted Armatures. — In this case the calculation of Bg is 
complicated by the fact that the flux tends to tuft at the tips of 
the teeth, and that more or less of it enters 
the teeth by way of the slots, as indicated in 
% 107. It is clear that a given difference of 
magnetic potential between the pole face and 
the armature core will produce less flux when 
slots are present than when the armature sur- 
face is smooth, the clearance (5) being the 
=^ame in both cases. In otluT words, the slots 
•ncroasc the j^ap rehictanc(», and this effect 
'»ay he allowed for either by assuming 5 to have been increased 
to a larger value, or by assuming a contraction of the pole arc 
Ho a smaller value, b\ 




Fio. 107. — Fringing 
flux :it tooth tip. 
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The problem is further complicated by the fact that the \ 
gap is frequently not of uniform length over the entire pole fi 
To improve commutation it is common to chamfer the pole ti 
Fig. IO80, or to make the cylindrical surfaces of the armat 
and pole face eccentric, Fig. 1086. The effect of the increa 
gap length at the pole tips is to produce a fringing flux in the inl 





Chamfered and eccentric pole shoes. 



polar space, as shown by the flux distribution curve of Fig. 1 
Ordiuates of this curve represent the radial component of J 
density at corresponding points on the armature periphery, r 
ripples at the crest of the curve are caused by the slots and tec 
Similarly, there is a fringing field at the ends of the core, 
shown in Fig. 110, and if ventilating ducts are provided, tb 
will be dips in the curve of axial flux distribution correspond 




Fio. 109. FiQ. 110. 

FiCMS. 109 and 110. — Peripheral and axial distribution of field intensity 



to the depressions opposite the slots, just as in Fig. 109. T 
extra reluctance due to the ventilating ducts is equivalent t 
reduction in the axial length J, and the fringing at the flanki 
equivalent to an increase in i, so that the two effects tend 
neutralize each other. 
83. Correction to Pole Arc. — It has been shown by F. 
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wter* that the presence of slots increases the eflfective length 
the air-gap from 5 to 5', where 



5' = 5 



t 



i - ah. 



(14) 



nd where 



B&d 
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Fio. 111. — Dimensions of teeth and slots. 



t = tooth pitch 
6. = width of slot opening 



6.* 



= -[arctan2^-^log.(l + ^)] 



5 
Fio. 112. — Correction factor, a. 



(15) 
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If, however, the effect of the slots is taken into account by 
reducing the pole arc instead of lengthening the gap, it follows 

that 

i — aba 



6' = 6 



/ 



1 .\ir-gap Induction, Elec. World, Vol. XXXVIII, p. 884, 1901. 



156 PRINCIPLES OF DIRECT-CURRENT MACHINES 

Values of the factor a are plotted in Fig. 112 in terms of the 

^ . 6, slot opening 

ratio ^ = — I 

d clearance 

The fringing field at the pole tips is equivalent to an increase 
in the value of 6, but this effect is generally ofifset by the increased 
gap space at the tips. Arnold has given a method^ for comput- 
ing the increased length of pole due to fringing, but it is gene^ 
ally unnecessary to introduce such refined calculations. 

84. Corrected Axial Length.-^The reluctance due to the ven- 
tilating ducts may be considered as reducing the axial length / to 

r^^i^-ijr^ (16) 

where tv is the distance between centers of the ventilating duct^ 

and bv is the width of the duct (Fig. 113), and where <r is to be 

bv 
found from Fig. 112 using as argument -^- The length I'l can 

d 

be further corrected to take account of the flux which enters the 

sides of the core from the flanks of the pole shoes, as indicated 

by the dotted lines in Fig. 113; the correction takes the form of 

an additional length, Vi, so that the equivalent axial length is 

V = l\ + l\ (17) 
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Fio. 113. Fio. 114. 

Fkw. 113 and 114. — Correction of axial lonRth due to fringing^of flux. 

The value of l\ may be estimated as follows: Assume that the 
lines of force of the fringing flux are made up of quadrants of 
circles and of straight lines, as in Fig. 114. The permeance of 
an elementary tube of width dx and breadth 6' is 

dP = ft-- 

b + vx 
* Dio Glcichstrommaschinc, Vol. I, p. 274, 2nd ed. 
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entire permeance of all the tubes between the limits 
ad X =^ r, on both sides of the core, is 






- o' log. — - — 

T 



t permeance is to be made equivalent to that of a tube 
of length 8 and cross-section b'Ui, hence 

b'l\ 2 



d 



.^Mog.(l+f) 



^2= 1.55logio (l+y) (18) 

ralues of r from 1 to 5 times 5, V2 varies from 0.95 to 1.85. 
Ily it is sufficiently accurate to take V2 = 1.55. 
ng found 6' and Z', the corrected value of flux density in 
-gap is 

^' " VV 

?refore 

ATg = 0.8B^5 

ic units are used (flux density in lines per sq. cm. and air- 
centimeters), or 

ATg = 0.3133 S V" 
density is given in lines per sq. in. {B^g) and air-gap in 

^pere-turns Required for the Teeth. — The same differ- 
f magnetic potential that maintains the flux through the 
dso produces a certain amount of flux through the slots, 
he two paths are in parallel. When the teeth are not 
saturated their permeance is so considerable that the 
ssing down the slots is relatively insignificant and may be 
;ed; but in many machines the iron of the teeth is pur- 
worked at high flux density in order to limit the effect 
lature reaction (see Chap. V), and in such cases the per- 
(' of the teeth is docreasod to such an extent that the slot 
nice becomes companihle witli it. If, then, it were iis- 
that the entire flux per pole passed through the teeth 




158 PRINCIPLES OF DIRECT-CURRENT MACHINES 

immediately under the pole (with an allowance for the Bpretd 
of the flux at the pole tips), the resultant tooth density would be 
higher than it is in reality, and the ampere-turns per unit length 
corresponding to this apparent density might be greatly in exc« 
of the true value because of the flatness of the magnetizatiw 
curve at high saturation. The actual tooth density, B,, must 
therefore be distinguished from the apparent density, B'l. 
The conditions that determine 
.the relation of the actual to the 
apparent density are (1) th*t 
the total flux per pole is eqial 
to the sum of the flux in the iron 
of the teeth and in the air of tbe 
slots, ventilating ducts, and in^u- 
Fio. 115.— DimensionB of teeth and lation space between laminff: 
''"" and (2) that the magnitudes of 

the flux in the iron and in the air are proportional to the perme- 
ances of the respective paths. Therefore 

.* = *(«» + *«> (19) 

*j>B, _ ft X cross-section of iron _ „ ,™. 

* air cross-section of air ** 

where p is the permeability of the iron corresponding to the 
actual tooth density B,. 
Referring to Fig. 115, 

cross-section of iron = b,{l — n,b.)it (31) 

where k is the lamination factor (usually about 0.9), and 

cross-section of air = W + bt.n^br + b,{l ~- n,6,)(l — *■) (22) 
From equations (21) and (22) K may be determined for » 
given set of dimensions. It follows that 

_*_ = *■>"- ±*^ = L+ "^ ill (23) 

**r., **™ nK "^ B, ' 

For a given value of /C it is possible to compute from this equatioO 
a series of Bimultaneous values of Bi and B', by assuming valu^ 
for B(, finding the corresponding values of jn from the magnetitf' 
tion curve of the core material, and sulistitiiting in equation (23)- 
Tbus, in Fig. 1 16, curve M shows the relation between B, and ^ 
HB determined by test, for commercial sheet steel, llw remainiiifi 
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wrves give B'l tot various values of K, Thus QR is the value of 
3| corresponding to i('(-=> PR, when K = 0.5. 

The above method of determining B, when B't is known has 
lie disadvantage that K may differ from any of the values for 
rhich curves have been prepared, and the labor of preparing 
Rich curves as those of Fig. 116 is in itself very tedious. It is 
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possible to find Bt from B't, for any value of K, directly from the 
magnetization curve {M, Fig. 116), as follows: 
From the relation 

^ _ l+z*^ 
B, ~ mK 
we have 



B'l 



■a + ^- = «' + l 

K fi K 



(24) 



provided B is expressed in lines per sq, cm. 
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In Fig. 117, let C represent the magnetization curve plotted 
in terms of B and //, and assume for the present that B and H 
are plotUni to the same scale. To the left of the origin lay off 
any convenient scale to represent values of Ky and lay off OS 
equal to unity to the scale of K. Then, if OM is any value 

of K, Yjj\^ ^ K^ ^^^ ^' ^^^ ^ ^^ ^ drawn parallel to Mlf\h 

H 

intercept QR will equal ^, corresponding to H = OQ. There- 
fore, PR = OS = B'i since PQ 
= Bt. That is, for a given 
value of B'tj lay off OS on the 
axis of ordinates equal to this 
given value and through S 
draw a line parallel to MS 
until it intersects curve C in 
a point P. Ordinate PQ » 
then the actual tooth density 
(Bi) and OQ is the correspond- 
ing value of H. 

Since B and H are never 

plotted to the same scale, and 

since magnetization curves arc 

„ ^ ^. , . . , usuallv drawn in terms of B 

rio. 117. — Graphical relation l>e- , " ..it j*/i a* ^ 

tween apparent and actual tooth in- and at, smtable modmcationfl 

auction. must be made in the construc- 

tion. If B is plotted to represent lines per sq. cm. and at in am- 
pere-turns per cm., the length ON must be made equal to jx^' 
to the scale of K, where 

Ao = number of ampere-turns per cm. per unit length of 

horizontal axis 
So = number of gausses per unit length of vertical axis. 

If B is in lines per sq. in. and at in ampere-turns per in., OH 

4-7- 4 ' A' 

must be made equal to 2.54 X .^"d/°= 3.19 ^z to the scale of K 

where 

A'q = number of ampere-turns per inch per unit length of 
horizontal axisjj 
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(aC«*« 



number of lines per sq. in. per unit length of vertical axis. 

16 the construction is the same as before. 

3 not immediately follow that ATt = att.ltj because the 

of the teeth results in an increasing density from the tip 

ot, consequently att changes in value 

nt to point along the length of the ^***^' 

OT does it follow that the value of at 

id is that corresponding to the flux 

,t the middle of the tooth. If values 

3 computed for a number of points 

B length of the tooth, and the cor- 

og values of ait, found from Fig. 

plotted, a curve like Fig. 118 will 

J result. Evidently the true value 

.I J. . *xi- of excitation along 

the mean ordmate of the curve; tooth axia. 
: that the curve is parabolic, the 
linate, by Simpson's rule, is 




Fio. 118. — ^Variation 



(at,) 



mean 



all + 4a<2 + ats 



(25) 



AT, = (attUanU (26) 

ipere-tums Required for the Armature Core. — It is 
n Figs. 101 and 102 that the iron oif the core below the 
he teeth carries half of the useful flux per pole. 



Bn = 



^ 



2A. 



(27) 



lial depth of the iron under the teeth is h, 

Aa = kh{l - n,6.) (28) 

alue of Ba thus determined there corresponds a value 
pere-turns per unit length, whence 

AT a = atala (29) 

apere-tums Required for the Pole Cores and Pole 

The flux carried by the pole cores and pole shoes varies 
ion to section, being greatest near the yokes and gradu- 
easing toward the gap as more and more of the leakage 
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flux is shunted off; but it may be assumed without sensible error 
that the flux is uniform and equal to v^. We have then, 

Be = ^ and fi. = ^ (30) 

to which values of flux density there correspond unit excitations 
of ate and a/„ respectively; hence 

ATc = atc'lc and AT. = at.'U (31) 

88. Ampere-turns Required for the Yoke. — ^The flux carried 
by the yoke is either equal to v^ or M^*> depending upon the 
type of machine. Fig. 101 illustrates the first case, and I^g* 
102 the second case; the latter is representative of most modern 
machines. Then, usually, I 

B, = ^ (32) . 

Ay 

to which value there corresponds aty ampere-turns per unit length, 
and 

ATy=^ aty'ly (33) 

89. The Coeflicient of Dispersion. — The leakage flux v> that 
enters into the equation 

includes the flux in all paths associated with the main flux ^ 
and originating in the exciting winding, but which do not close 
through the armature. If the leakage paths are correctly 
mapped out, the stray flux in each of them is equal to the m.m.f- 
divided by the reluctance. The calculation can be simplified, 
and a fair degree of accuracy attained, by assigning simple 
geometrical forms tq the leakage paths. Since the greater part 
of the leakage flux takes place through air, the reluctance of the 
path in the iron may be neglected. It must be remembered also 
that all of the leakage paths are not acted upon by the same 
difference of magnetic potential. For instance, the m.m.f. act- 
ing between the tips of adjacent poles is that required to drive 
the useful flux across the double air-gap, two sets of teeth, and 
the armature, or it is equivalent to 

X - AT. 4- 2ATg + 2ATi ampere-turns; (34) 
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points on adjacent pole cores that are each half way be- 
n the yoke and the shoe will have between them a difference 
agnetic potential approximately equivalent to ^X ampere- 

B. 

it Kg. 119 represent a development of a portion of a multi- 
r machine. The leakage flux in any one pole P is represented 
he dashed lines ^i, ^t, etc., and the total leakage flux per 
is 

tp = %pi + 4^2 + 2ipi + 4^4 (36) 
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Fio. 119. — Paths of leakage flux. 

tokage between Inner Surface of Pole ShoeSy ipi. — 
(Pi = iQ^T^ (lengths expressed in centimeters) 



(36) 



fpi = Z.2X-J- (lengths expressed in inches) 

90^6 between Lateral Surfaces of Pole Shoes, ip%, — Assume that 
lines of force are made up of straight Unes of length h, and 
uadrants of circles of radius x. 



*p% 



-ra^'iT^ = «•«»■'■*(' + iO 



(lengths expressed in centimeters) 

^2 = 2.34X/i.logio(l + ^^;^) 

(lengths expressed in inches) 



(37) 



164 PRINCIPLES OF DIRECT-CURRENT MACHINES 

Leakage between Inner Surfaces of Pole Cores, ^i. — 
<Pi = ^-^ 2 T^ (lengths expressed in centimeters) 



(38) 



or 

h 1 

ipz = 1.6X -^ (lengths expressed in inches) 

If the pole cores are round, of diameter dc, they may be as- 
sumed to have been replaced by square poles of equal cross- 
section. In that case 

6, = Z, = -^^ V^ = 0.89dc (39) 

The above expression for <pz is denved on the assumption that 
the axes ot the pole cores are parallel. This is approximately 
the case when the machine has numerous poles. If the poles 
are considerably inclined to each other, let (l8)m»n and (W«« 
represent their minimum and maximum separations, at the pole 
shoes and yoke, respectively; then it is readily shown that 

IW mo* I ( h)mas __ ^1 

{h)max — {h)min. (h)min J 

(lengths expressed in centimeters) 
or 

IcK r 2. 3{h) max , (h)mas __ -1 

\h)max \('Z)min\\''Z)max \*'Z) min (^sjmtn J 

(lengths expressed in inches) 
Leakage between Lateral Faces of Pole Cores, ^4. — The leakage* 
paths may be assumed to be made up of straight lines of length 
h and of quadrants of circles. The average m.m.f. acting on 
each elementary tube of force is }^iX. 

4; 



_47r Ichc 

^' "~io^(r3).„, -(Z3) 



mtn 



<P3 = 3. 2 A 7T~\~ 



(40) 



^^ = 10 



(lengths expressed in centimeters) 



(41) 



or 

(Pi = 1.17A7?, logio (1 + — y- J 

(lengths expressed in inches) 
The cot^fficicnt of dispersion is then 

«^ , , 2<^i + 4(py + 2<^3 + 4v?4 

= 1 + V • (function of frame dimensions) (4^ 
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It the flux * were directly proportional to the excitation X, 
le coefficient » would be constant; but since X includes the ex- 
tation required to drive the flux through the teeth, and these 
"e frequently highly saturated, the ratio ^ ia not constant, hence 

13 more or leas variable. It generally increases as the load on 
le machine increases. 

PROBLEMS 

L A4-pole, 120-yoltehuntgeneratori8ratedat25kw.at900r.p.m. The 
mituie liaaaBLinpIexwavewiDdmgof 194 face conductors, two conductors 
I dmnent. He shunt field winding has 800 turns per pole and the exciting 
imnt ftt no lo&d ia 5.7 amperes. AMuming that there is no magnetic 
■bge, find the inductance of the shunt circuit and the energy stored in the 
■ignctic circuit. 

1 Construct the magnetiiation curve of the machine of Problem 1, given 
lie foQoiring additional data (assuming a tentative value of 1.15 for the 
wffieieat of dispersion) : 

innature (sheet steel) 

External diameter of core 13.5 in. 

Groas length of core 7.0 in. 

Number of ventilating ducts 2 

Width of each duct H in. 

Radial depth of core betow teeth 2^ in. 

Number of slote 49 

Slot dimenmona 0.4 X 1.25 in. 

Conductors per alot 4 

^t&p (clearance) ?f a in. 

Pole cores (cast steel) 

Ratio of pole arc to pole pitch 0.7 

Diameter of core 5,5 in. 

Badial length of core 7.0 in. 

Yoke (cast steel) 1.5 X 10 in. 

Commutator 

Diameter 9 in. 

S. Compute the coefficient of dispereion of the machine specified in 
'roblem 2. 



CHAPTER V 
ARMATURE REACTION 

90. Magnetizing Action of Armature. — In the foregoing dis- 
cussion of the behavior of a dynamo, it was tacitly assumed that 
the armature was currentless. Under this no-load condition the 
magnitude and distribution of the magnetic flux are dependent 
only upon the excitation due to the field winding and upon the 
shape and materials of the frame. But, under load conditions, 
the current in the armature conductors gives rise to an inde- 
pendent excitation which alters both the magnitude and dis- 
tribution of the flux produced by the field winding alone. This 
magnetizing action of the armature is called armature reaction. 

For the sake. of simplicity, let us examine first the eonditions 
in a bipolar machine. If the armature is currentless, the flux 
due to the field excitation will be symmetrically distributed in 
the manner illustrated in Fig. 120. The line ab^ drawn through 
the center of the shaft at right angles to the polar axis^ is the 
geometrical netUral axis; it is an axis of symmetry of the flux 
under no-load conditions. Armature conductors on opposite 
sides of the geometrical neutral axis will then be the seat of oppo- 
sitely directed c.ni.fs. If, under no-load conditions, the brush 
axis coincides with the geometrical neutral, the winding ele- 
ments lying in the neutral axis will be short-circuited by the 
brushes during a very brief interval in which only a small e.mi. 
is generated in them, hence the short-circuit is harmless. 

If the field excitation is now removed and the armature is sup- 
plied with current from some external source, there will result 
a magnetic field whose distribution is approximately as shown in 
Fig. 121. Magnetic poles will be developed in the line of the 
brush axis. Most of the flux will be concentrated in the region 
covered by the pole shoes, since the reluctance there is much k* 
than in the interpolar gap. 

Under load conditions, the armature current and the fid<i 
excitation exist simultaneously, and the resultant flux can then 

166 



MiMATrid-: liEA'TIOS ID. 

l>o thought of aa compounded of the two fields shown separately 
in Figs. 120 and 121, at least as a first approximation.' The 
form of the resultant field is shown in Fig. 122, which serves 
equally well for the cases of generator and motor action. It will 
be observed that in the case of the generator the field is strength- 
med at the trailing tips, A and A', attd weakened at the leading lips, 
B ond B'; whereas in the case of the motor the exact reverse is 
true. Moreover, the neutral axis (that in which the winding 
dements are not cutting linea of force) has been shifted to the 




MikgDotie lietd due 
current, field maic- 
uetfl not excited. 

poAion a'l/; the effect is the same as though the flux had been 
Msted or skewed in the direction of rotation in the case of the 
pnentoT, and in the opposite direction in the case of the motor. 

ia a result of the shift of the neutral axis, the brushes (assumed 
to be stiU in the axis ab) short-circuit elements which are cutting 
Son ti force and in which an active e.m.f. is being generated. 
Cnnents of large magnitude may therefore flow in such elements 

'Hon. — It IB not exactly true that the resultaat field ia made up of the 
>finto fidda of Figs. 120 and 121 aa components. What actually happens 
■ IhtttheviadinsBof the field structure and of the armature each produce a 
Wiiitei>Lm,f., and that these m.m.fs. then combine to form a resultant 
lUnX, which in turn produces the resultant flux. The compoaitiun of the 
■iMnte fields would give correct results only if the flux were at all points 
t^cportional to the m.m.f., and this condition id, uf course, not satialicd 
"I Ite presence of iron cores, especially if the iron m wurkcd at a flus 
^tyator near the knee of the niaRuHizntion curve. (See | 98.) 
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because of the low resistance of the circuit which includes the 
short-circuited winding elements and the brush contacts; andtbt 
rupture of this circuit, as the commutator segments pass from 
under the brush, may cause sparking and perhaps blistering of the 
commutator. Furthermore, the machine will not develop its full 
e.m.f.; for of the Z/2 conductors in series, say on the left-band 
side of the armature of Fig. 122, those between b and b' viU 
generate an e.m.f. opposite in sign to that of the e.m.f . due to 
conductors between b' and a. Both of these effects are objectios- 
able, the former because it reduces the life of the commutator 
and lowers the efficiency, the latter because it unnecessarily 
reduces the available output of the machine. Obviously, itf 
remedy for both troubles is to make the distortion or skewing 




I'l'i, ],i'2, — Dititrilmtiuii of niugiii^tic Md under loftd Condi Ciuii.'. 

SO smiill that the ntiutral axis is not appreciably shifted; or * 
this cannot be accomplished, to shift the brushes until they*'*' 
in (i)r near) the nrutrul axis; but when the brushes are shiftet* ^ 
the aniiature field (Fig. 121) moves with them in such a way that t»*' 
rrsultunt polarization of the armature coincides with the brush av^' 

The net result is that the resultant field tends to skew nior*' 
an<l more aw the brushes are moved toward the neutral ttxi=*' 
Fortiinatily, however, the piling up of the flux in the pole tip^ 
A and ,1' results in their saturation, so that further skewi"*' 
lieeoiiies iiisJKnilieant and Ihe brush axis may even pass !'■' 
iieulral. 

91. Commutation. - It is desirable at this ]>oirit to examine I )>' 
plienumeiia occurring during eommututicm somewhat more ^^ 
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detail than has yet been done, in order to settle in a general way 
the conditions that must be satisfied by the brush position. Fig. 
123 represents three elements, a, h and c, of a ring winding operat- 
ing as a generator. It is evident that element a will occupy 
successively the positions of h and c, and that during the h posi- 
tion its cun'ent must change from the value existing in conductors 
to the left of the brush, to the equal and opposite value existing 
in conductors on the right. This change cannot occur instantane- 
ously; in the ideal case the current would change uniformly from 
the initial to the final value in exactly the time required for the 
element to pass under the brush, during which time the element 
is short-circuited in the manner of coil 6. This is represented 
(Kagrammatically in Fig. 124, where + i and — i are, respect- 




T 

+ » 

I 




Time 



T 

- t 



Fio. 123. — Reversal of 
armature current during 
commutation. 



Fio. 124. — Ideal variation of 
current in coil undergoing com- 
mutation. 



ively, the initial and final values of the current in the element, 
and T is the duration of the short-circuit, or the period of 
commutation. 

Now, the self-inductance of the element undergoing commuta- 
tion tends to keep the current at its original value and in the origi- 
nal direction, and in order to counteract this tendency, the 
e.m.f. of self-induction must be balanced by an opposing e.m.f. 
W, then, the brushes were exactly in the neutral axis, no e.m.f. 
would on the average be generated in the short-circuited coil, 
the effect of self-induction would not be opposed, and the rever- 
sal of the current could not be satisfactorily completed in the time 
r. Since the direction of the e.m.f. required to cancel the e.m.f. 
'>f sf'lf-induction must be the same as the final (Hrection of 1 he 
'urrcnt (see coil c, Fig. 123), it follows that the short'Circuifrd 
f^oil must be under the influence of the pole in advance of the yicutnil 
«J'i«, in the direction of rotation in the case of a generator. 



170 



PRINCIPLES OF DIRECT-CURRENT MACHINES 



The position of the axis of commutation, with respect to the neu- 
tral axis, is shown in Fig. 125 for both generator and motor. Ills 
seen from this figure that the brush displacement, a„, of amotot 
is slightly less than the displacement, a„, of an identical generalor. 
When the angular displacement of the brushes is in the direetioo 
of rotation, as in a generator, the angle is called the angle of 
brunh lead; when in the direction opposite to the rotation, as ini 
motor, it is called the angle of backivard lead. ^ 

92. Components of Armature Reaction. — Imagine the brushes 
of the armature of Fig. 121 supplied with constant current from 
some external source, the field being unexcited. If the brushes 
are rocked forward or backward, the armature m.m.f. wiU 
follow, and it will remain constant in magnitude. It may, 




therefore, be represented by a line of constant length, OA, 7%- 
126, in line with the brushes. If the fields are now excited, thffl" 
magnetomotive force may be represented by a line OF (the direc- 
tion of current Sow in armature and field windings being taken the 
same as in Fig. 122). Resolving OA into the components OC and 
CA, it 13 seen that the armature magnetizing action is equiva- 
lent to a crosa-mcigitetizalion due to OC {so called because it act.* 
across the main m.m.f. OF), and a demagnetization due to CA, 
which directly opposes the main excitation, OF. The derong- 
netizing action of the armature is a direct consequence of the 
rooking of the brushes to the position most favorable fof 
commutation. 
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It will be clear from Fig. 126 that if llie brushes of a geiU'iatdr 
have a backward lead, the armature will assist in magnetizing 
the field, that is, the demagnetizing component becomes magnet- 
ismg. Similarly if the brushes of a motor are given a forward 
lead; but in both cases the commutator will spark viciously. 

Were it not for the fact that a negative brush lead affects 
commutation unfavorably, the armature reaction might be pur- 
poeely exaggerated to such an extent as to self-excite the fields. 
TTiis feature is taken advantage of in the Rosenberg type of gen- 
entor for train lighting (see Chap. XI), but in general it re- 
quires special auJtiliary devices to take eare of the commutation 
'difficulties. 

93. Cross-magnetizing and Demagnetizing Ampere-turns. — 
The resolution of the armature m.m.f., OA, in Fig, 126, into com- 
ponents is not a strictly accurate ^^^ onnw 
proceeding; it is qualitative rather 
than quantitative. But it leads 
liitectly to the conclusion that the 
entire armature winding of Fig. 127 
may be oonsidered as made up of 
two distinct "belts" of conductors, 
namely, thoee between AD and 
^&, and those between CA and 
fii). The former conductors, when 
pouped in pairs in the manner 
indicated by the horisontal lines, 
tocBtitute a number of turns whose 
BiiSDetiiing effect is directly across that of the main exciting 
winding; they are called the CTOss-magnetizing turns. The re- 
nuiuing conductors, grouped in vertical pairs, constitute the de- 
Kifnttiang tttnu, since their effect is in direct opposition to the 
nuun fOEciting winding. It follows, therefore, that in a bipolar 
machine the demagnetising turns per pair of poles are equal to the 
number of armature conductors within the double angle of lead, 
2a; and the demagnetixing (or back) ampere-turns per pair of 
poia, ATd, equal this number multiplied by the current p>cr 
; conductor. 

2aZ u _ azu 
360 2 ~ 360 




ATrf 



(1) 
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AT, 



Biiiiilarly, the croHK-viagnetizing ampere-turns are given by 

0'Z i. _0'ZU ,„ 

" aeo 2 '720 ^* 

where 

0' = lS0-2a 

It is important to realize that the demagnetiziiig turns an ■ 
ronsequcnce of the cross-magnetizing action of the armature; i« 
if tlie brushes are originally in the geometrical neutral axii, the 
entire magnetizing action of the armature is across the main fieM, 
thereby causing a distorted resultant field. The shifting of the 
brushes to a, position near the resultant neutral axis then bnafp 
the dcmajtnctizing turns into existence. 

94. Cross-magnetizing and Demagnetizing Effect in Multi- 
polar Machines. — In the foregoing discussion of the case of tH* 
polar machines, a ring-wound armature was tacitly 




ar 

cau«od by frartioual piir 



Arcordinsly, the brufih axis and the axis of commutation coi'^' 
<'ide(l, and no distinction wn.s made between them. It must '^ 
ii'mcm tiered, however, that the end connections of lap and w&'^' 
wiiidincs art; K<'iii'i"aHy so shaped that the brushes are opposite * "^ 
middle of the poles when the sides of the coil undergoing comrf*''' 
lation are in the neometrical neutral. 

.\n extension of the pnneiples developed for the case of the ''^ 
polar machine leads fo the generalization that all of the condut^ 
ors lying within the double angle of lead have a demagnetiei^^ 
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Aect upon the field, while the remaining conductors produce a 
;ro68-magnetization. This conclusion holds accurately for all 
irindings of the ring type, and for lap and wave windings of full 
[Htch. But in short-chord windings it will be found that the 
K)nductors occupying the space between pole tips carry currents 
which are partly in one direction and partly in the other, thereby 
partially neutrahzing the demagnetizing effect. For example, 
MBume a 4-pole simplex lap winding having 80 conductors; that 



P 
a 

Z 

m 



4 
4 

80 
1 



Take r/i = 16 and y2 = —13. On tracing through the winding 
diagram, a portion of which is shown in Fig. 128, it will be 
found that the current in the interpolar region is alternately in 
opposite directions. 




f'lo. 129. — Demagnetixing belt of conductors in multipolar machine. 

Omitting from consideration the special case of short-chord 
bindings, the number ot demaj^netizing ampere-turns per pair 
of poles can be determined as follows (see Fig. 129): 
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The total number of conductors lying within the demagnet- 
izing belts is 

360 ^^P 

and, therefore, the number of demagnetizing ampere-tumt per 
pair of poles is 



^^^ ^2 300 p/2 a 180o 



(3) - 



The cross-magnetizing ampere-turns produce distortion of the 
main field by strengthening the field at one tip of the pole and 
weakening it at the other, as in Fig. 130. But though all of the 

conductors outside of the double angle 
of lead contribute to this effect, those 
which are not in the angle P subtended 
by the pole exert their m.m.f. upon a 
path so largely in air that the flux due 




'OcDcrator 

V 

Vm. 130.— CroMH field in 
multipolar machino. 



j^/ to them is negligible; attention may, 



BZ 

therefore, be confined to the ^^ con- 
ductors under the pole. The m.m.f. 

due to these conductors is 77: ■ i^^^ • J 

10 360 a 



gilberts, and this acts upon a path C 
whose reluctance is mainly due to the 
double air-gap and two sets of teeth; 
the teeth consume a m.m.f. equal to 

^ {2ATt) gilberts, hence the remainder, or j^ I gg^ ^ — 2.4r«J' 

will produce a cross-field whose intensity at the tips is 

4irrfiZ i 



Be = 



10 



L360a 



- 2AT 



'm' 



(4) 



where 6' = 6 . , is equal to the gap length corrected to take 

account of the effect of the slots. 

The resultant pole tip densities will then be 
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(B^ + Be) at the 



trailing , , ^. - 
t leading ^ P°^« *'P ^^ '^ 



generator 
motor 



', since commutation takes place at the weakened pole tip, 
since the direction of the ^'commutating field'' must be that 
le original field, Bg, it follows that Be < Bg^in orderto generate 
he short-circuited coil an e.m.f. of the proper direction to 
nee the e.m.f. of self-induction. Generally, 

Bg - Be == 2000 to 3000 (lines per sq. cm.) 

since Bg is usually between 6000 and 10,000, it follows that 

Bg = (1.25 to 2)Bc 

stituting this relation in the expression for B^ and transposing 



(^•^^<>^)K-2^^J 



'' LGB, (^) 

m which it is possible to compute the length of air-gap neces- 
y to prevent reversal of the field at the commutating tip. If 
i clearance, d, has been fixed, the formula gives an idea of the 
tent of chiamfer to be given to the pole tips. 
The above formula also leads to a relation which serves as an 
•proximate criterion for a successful machine. Thus, neglect- 
g the term A Tt^ we may write 

(1.25 to 2) ^= 1.65,5' = 2ATg (6) 

^ =(1.0tol.6M7'. (7) 

360^ 
Now, p = where ^, the ratio of pole arc to pole pitch, is 

Z i 
sually about 0.7 in direct-current machines; and ^^ • ~ is the 

otal number of armature ampere-turns. Further, ATg will vary 
rom 0.7 to 0.9 of the field ampere-turns per pole. Substituting 
hese relations, it will be found that 
Mature ampere-turns per pole ^ 1.1 field ampere-turns per pole 

(8) 
The factor 1.1 is an upper limit that is seldom found in practice; 
ordinarily it will have a value of from 0.8 to 0.9. 
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95. Corrected Ezpresuon for Demagnetiziiig Effect <rf Bui 
Ampere-turns. — (a) Imp Windings. — ^Fig, ISl is a devplopment 
of that portion of a "chonlefi" (shortr-chortl) lap winding em- 
braced in a span slightly greater than the pole-pitch. It is i^ 
quired to determine the reduction in the value of AT^ =,o(i' 

due to the fact that the coils in the neutral zone carry currenU 
which are not all in the same direction. 

In the first place, it will be e^ddent that if the winding werecJ 
2.S 
full-pif ch, all of the — coil sides lying to the left ot At would cany 

current in the same direction (vertically upward in the figure)- 




'tiunni piti'h lap wind inn. 

In the second place, however shortr the chording may be, the cur 
rent in the coil sides immediately to the right' of, and includiogi 
Ai will all be in the same direction, or downward in the figure- 
It follows, therefore, that the reversed currents all lie in a Miie 
to the left ot A 2, the extent ot this zone depending upon thediff^' ' 
ence between yi and the pole pitch. Similarly, there will 1* 
zones of reversed currents to the left of all the coil edges, whifh. 
like A| and .-It, arc connected to commutator segments toucbed 
by the brushes. 

If coil edge Ai is numlwred 1, the first coil edge carrying f*" 
versed current is (yi + 1), the second is (yi + 3), etc. The 
number irorresponding to the last one in the group will evidently 

' Tliitt is a coiiHoqurncc uf the fort that the winding sketched in Fig. 1^' 
is right-hundcil, i.r., y, > y,. If the winding were left-handed, vi < y* 
tiiewonls "right" and "left" would have to be intaichanged. 
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aarizing these results, 

r/i + 1 corresponds to the 1st 

t/i + 3 corresponds to the 2nd 

t/i + 5 corresponds to the 3rd 

l/i + (2fc — I) corresponds to the fcth 

t/i + ( yij corresponds to the nth 

:,her words, there are n of such reversed bundles, where 

2n - 1 = y - 2/1 

n = >^(y-tfi + l) (9) 

the current in each of these n coil edges balances the de- 
tizing effect of the current in n bundles whose direction is 

1, the total reduction will be that due to 2n bundles. Since 

Z 

element contains ^ turns, ATd will be less than the corn- 
value by 

2^^(— - yi + Ij ampere-turns (10) 

iihould be noted that extreme chording may cause some of 
reversed coil sides to fall outside of the double angle of 
and, therefore vitiate the above correction. But such 
me chording would not be used in practice, hence the cor- 
)n may be safely used. It should be noted, further, that 
er the formula for A Td nor for the correction due to chording 
; account of the number of coil edges in the neutral zone which 
hort-circuited by the brushes during commutation. 

Wave Windings. — (Fig. 132). If yi is the back pitch of the 
ing (at the pulley end), and 1/2 is the front pitch (at the com- 
itor end), 

2/1 + 2/2 2S + a 

y = —2" - = -^ 

)ositive sign of a indicating that the winding is right-handed, 
extent to which yi falls short of the pole pitch is then a meas- 
)f the chording; obviously, then, 2/2 > 2/1- Full-pitch winding 
Id result in uniform opposition of direction of current on 

12 
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either side of coil sides like Ai, A2, Fig. 132, which are in conUct 
with the brushes. 

Due to chording, however, the first conductor which carries 
reversed current is (yi + 1), the second is (yi + 3), etc. If 
there are n such conductors, the number of the nth conductor will 
be yi + (2n — 1). All of these conductors bear even numben, 




I I I I I I I I I I 



T 



f 



Fio. 132. — Fractional pitch wavjD winding. 



since yi is necessarily odd. Now, the number of conductors 



(coil sides) per pole pitch is — = y 



a 



, which is a mixed number, 



but which may be taken as equal toy. If y is odd, the last even 
number in the group is y — 1, whence 

y - 1 = yi + (2n - 1) 



or 



2n = 



2/2 - yi 



(11) 



if y is even, 



yi + (2n - 1) 



y 



2n = yi^^ + 1 



(12) 



(13) 



hence the number of ampere-turns to be deducted from (ATd) ^ 

Z ia /yt - yi\ .- . , , 

2Sa(— 2") If 2/ « odd, 

96. Shape of Magnetic Field Produced by Armature Current— 
The current in the armature conductors lying to one side of the 
commutated coil has a direction opposite to that of the current 
in the conductors on the other side. In other words, the current 
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istributed around the periphery in a series of alternately di- 
ed bands or belts, equal in number to the number of poles. 
s is indicated in Fig. 138 which represents a development jf a 
lie generator. The peripheral distribution of m.m.f. due 
be armature current will then be represented by the ordinates 
le broken line. ' Theni.m.f. is a maximum at the points where 
current reverses, and it is zero at the points midway between 




Sotation 



Fio. 133. — Peripheral distribution of armature m.m.f. 

n. If the pole shoes completely surrounded the armature 
the surface of the latter were smooth, the armature flux would 
t all |K)ints directly proportional to the m.m.f., since in such a 
the reluctance would be constant all around the gap (neglect- 
the reluctance of the flux paths in the iron in comparison with 
e in the air). 
he number of conductors surrounded by the elementary tube 

ux, P, Fig. 134, is -jj • 2x where d is the diameter of the arma- 




•:*,o:jxo::^ xo:o:«>'>.o.o:«lo:o.c • xoj^j^mm 



•^v.-..^.-.-4^-.-.. 




Fig. 134. — Calculation of armature flux. 



1 

Since each conductor carries - amperes, ia being the total 
ature current, the m.m.f. acting on tube P istt; -j-^ • 2x = 

lU irCt Of 

z 



"a • 



• 2x where g = — i • '" is the number of ampere-conductors 
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per unit length of p)eriphery. The flux density at a point distant i| 
from the center of the pole is then 



B. = 



4ir « 
25 



zq 
0.85 



(M) 



In the usual case of machines having pole shoes separated from 
each other by an intervening airnspace, the flux distribution curve 
is not similar in form to the curve of m.m.f. Under the pole shoe 
it will closely follow the m.m.f. curve because of the practically 
uniform reluctance, but between the pole tips the reluctance in- 
creases at a much greater rate than the m.m.f., hence the arma- 
ture flux density will be small at the point midway between 
them, as shown in Fig. 135. 




Vio. 135. — Distribution of armature flux. 

97. Approximate Distribution of the Resultant Field. — Parts 
a, by and c of Fig. 136 represent the effect of the armature field 
in modifying the magnitude and distribution of the resultant 
magnetic field for three positions of the brushes. In each diagram 
curve F shows the flux distribution due to the field excitation 
alone; curve A is the flux curve due to the armature, and curve R 
is the resultant of F and A. The diagrams are drawn for the 
cases of commutation: 

(a) midway between pole tips, 

(6) bet worn the pole tips but nearer the leading tip, 

(c) under the middle of the poles. 

In case (a) the distortion of the magnetic field is clearly shown. 
The syinniotry of curve A with respect to F means that the flux 
addcHl to the trailing tip (generator action being assumed) is 
exactly equal to the flux reihoved from the leading tip, hence the 
flux per pole remains unaltered. In case (6) there is distortion. 
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d also a resultant demagnetization, as it is clear that the flux 
•A under a pole is more subtractive than additive. In case (c) 
there is no distortion, but only demagnetization, as might be 

pected from the fact that the brushes have been shifted to such 
extent as to eliminate all the cross ampere-turns and to raise 
the back ampere-turns to a maximum value. 




(«) 




Motor Geno»tor 



(6) 




Fio. 136. — Diatribution of resultant flux for. various brush positions. 

98. Demagnetizing Component of Cross Magnetization. — In 
the preceding article the shape of the resultant field i? was deter- 
mined on the theory that it may be considered as made up of 
two components: one, a field produced by the m.m.f. of the field 
winding acting alone: the other, a field produced by the arma- 
ture m.m.f. acting alone. As a matter of fact, this theory is not 
strictly correct, as the following illustrative analogy will show: 

Imagine a rod of cast iron acted upon simultaneously by com- 
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presaive and tfiieilc stresses, and suppose that these stresses y 
i-qual. If we assume that the stresses act independently i; 
deforming the rod, the elongation due to the tension would tn; 
siderably exceed tho shortening due to the compression, provide>; . 
tlie tensile stress is beyond the clastic limit; on this basis there | 
would be a resultant elongation. But it is quite clear from the I 
assumed equality of the stresses that the resultant stress and, I 
therefore, the resultant deformation are both zero, hence tbtl 
absurdity of the first method. I 

In the case of the magnetic circuit, m.m.f. is analogous t'' 
stress, and flux to deformation. Hence we must conclude tl;;i 
the only correct procedure is first to combine the several m.iu :■ 
to form a single resultant and froiii the latter determine lin 
distribution and magnitude of the resultant flux. 

It will be clear from the above considerations, taken in con- 
nection with diagrams a and b of Fig. 136, that the increswi 
m.ra.f. on the side N of the pole shoe cannot raise the resultant 
flux on that side to the same extent as the diminished m.m.f. at V 
lowers the flux on that side — ^this because of the fact that the per- 
meability of the iron of the pole shoe and armature teeth d^ 
creases with increasing magnetizing force. Therefore, even when 
commutation takes place midway between the poles, correspoml- 
ing to zero brush lead and an entire absence of back anipiTf 
turns, there is still a resultant demagnetizing action due to the 
cross ampere-turns; though this effect is usually not very pro- 
nounced, it is nevertheless appreciable. The general nature of 
the effect ia indicated in Fig. I36o, where the broken line markeii 
A' indicates that the increased m.m.f. due to A on the side of thf 
pole marked A' is less than proportional to ,4 . A more detailii! 
analysis of the magnitude of this demagnetizing component of 
the cross-magnetizing action is given in the following arliHc. 

99. Excitation Required under Load Conditions. — Let curve 
OM of Fig. 137 represent the magnetization curve of a generator 
and let OK be the terminal voltage, 1', at rated load. The exci- 
tation required to generate this e.m.f. at no load is then {AT)9 
ampere-turns per pair of poles. When the armature deUvers 
current to the load, the excitation required to maintain con- 
stant terminal voltage must be greater than {AT)ii in order to 
compensate: 
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(a) The ohmic drop, or drop in potential, caused by the flow 
d the current through the resistance of the armature. 

(6) The demagnetizing effect of the armature back ampere- 
ivms. 

(c) The demagnetizing component of the armature cross 
■mpere-tums. 

(a) If the terminal e.m.f. under load conditions is to remain the 
nme as at no load, the total generated e.m.f., Et, must be greater 
Umh V by the drop »Vb, where r^ is the resistance of the armature. 
Beforing to Fig. 137, the excitation required to generate Ei 
volts is {AT)i. 

(h) If the armature demagnetizing ampere-turna per pair of 
P(4c8 (corrected, if necessary, to take care of chording) amount 




ft». 137. — Excitation required under load F:q. 138. — Comparuoa of pattuof 



to {AT)i, the field excitation must be increased over and above 
(AT}i by (AT)i, that is, to the value (A T)t corresponding to an 
open-circuit e.m.f. of Et volts. 

(c) Because of the fact that saturation of the pole tips may 
Kduce the flux at one pole tip more than it is increased at the 
other, it may be necessary to increase the field excitation still 
further, as from (Ar)j to (AT),, Fig. 137, in order that the termi- 
nal voltage under load conditions may be maintained at its no- 
loid value. In order to determine this increase, the following 
'Kta may be noted : 

The cross field which is responsible for the demagnetization 
of one pole tip and the magnetization of the other is due to the 
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conductors lying under the pole face, and the path of this croa 
flux is indicated by the line marked C, Fig. 138. The numtoof 

cross ampere-turns acting around this path is «^^ • -t half of 

which oppose the main excitation at pole tip A, the other haK 
reinforcing it at B. The main field excitation acts on the circuil 
marked F. Circuits C and Fhave in common the reluctance made 
up of the double air-gap, two sets of teeth, the armature core (in part), 
and the pole shoes, and these parts constitute a large percentage of 
the reluctance of the entire magnetic circuit. If the difference 
between the reluctances of circuits C and F were negligible, it would 
follow that a given m.m.f. acting aroimd such a circuit as C would 
produce a flux equal to that produced by the same m.m.f. acting 
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around circuit F^ in which case the relation bet ween flux and m.mi. 
would be represented by the magnetization curve of the machine. 
Actually, however, the relation between flux and m.m.f. in such 
a circuit as C, Fig. 138, will be given by the curve marked C, Kg. 
130, which lies to the left of the magnetization cvrve, M\ ordi- 
nates of this curve represent flux, or the e.m.f. generated by rota- 
tion tliroug:h the flux at a given speed, while abscissas represent 
the anij)ere-lurns retjuired to maintain this flux through the 
(l()ul)l(^ air-gaj), two sets of teeth, and the small reluctance of the 
pole shoes and annature (jore comprised in circuit C, Fig. 138- 
Abscissas of (!urve i\ Y'\^. 139, are less than those of curve M f^^ 
a given flux because of the greater reluctance of the entire m»^' 
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nptic circuit. In Fig. 139 the abscissa {AT)i represeuts the am- 
]"rp-turns ppr pair of poles required to develop the e.m.f, Ei, as 
lu Fig, 137; abscissa OP then represents the number of amperc?- 
lurns required to produce a. corresponding flux in the circuit C, 
Fir. 138. This is shown separately in Fig. 140. Wlien the arina- 
liin- is delivering a current »„, the brushes being assumed to be in 
liic neutral axis, the excitation at the middle of the pole face MN 
ip not affected by the cross-magnetizing action, but at the tip M 



i=i^ 




SBturaled |iole tips. 



'tiL' niugnetleing action is decreased by hd ampere-turns and at the 

0Z t; 



3fiO 



"p.Vit is increased by 6e ampere-turns, where bd =be =^ 
1 lie iiux density in the air-gap at M is therefore proportional 
''J the ordinate of the point a of curve C, and that at A' is propor- 
"iJiial to the ordinate of point c, while at intermediate points 
''"' flux density is proportional to the corresponding ordinates 
"^ curve C. The total flux per pole is therefore reduced in the 
T'l'iportion that aren /atfff bears to area fdbeg. If then the total 
tiiix per fwie shall remain unaltered, the excitation will have 
'' lie innronsetl iiy an amount PQ, such that 

ave&f'd'e'g' + area h'c'e' — urm a'b'd' = area /(/eg (15) 

Hii- cxcitolion PQ is the amount that must be added to (.■17')j, 

^137, to give the total required excitation (.17'), in that figure. 
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100. Ezperimental Detenainatioii erf Flux Distribntun.— 

Since the instaQtaneous e.m.f. gencrsted in an armature con- 
ductor is proportional to the radial component of the flux deuity 
at the point occupied by the conductor at the moment in quectkn 
(eee Art. 32), the measurement of this e.m.f. will provide d&U 
for the calculation of the flux distribution. 

Consider the case of a simplex ring-wound armature (Fig. 141) 
provided with such a large number of commutator B^mentstbil 
the turns of each element may be assumed to be concentrated in i 
radial plane, in other words, that all the turns of the element (if 
there be more than one turn per element) are simultaneously in i 
field of the same intensity. Take a narrow strip of tough paper 
(sheet fiber or press-board) whose length is equal to the periphery 




FiQ. Ul— Double pilot bnuh. 

of the commutator, and along its axis drill a series of smaJI 
holes whose spacing is the same as that of the commutator ban- 
Wrap the strip around the commutator and fasten it to the brush 
studs so that the commutator may rotate within it without 
binding. The free ends of a pair of leads connected to a low- 
reading voltmeter are then to be provided with contact p<»Dtf 
made of moderately hard lead pencils. When the contact points 
are inserted into adjacent holes in the strip, the reading of tit^ 
voltmeter will be equal to the e.m.f. generated in the elemeD^ 
minus the ohmic (tV) drop due to the current Sowing ttirougb tb^ 
resistance of the element, assuming that the experiment is mad^ 
when the machine (generator) is running^under load condition^' 
Instead of the perforated strip described above, there may b^ 
employed a "pilot" brush made of two thin pieces of sheet bras^ 
screwed on opposite sides of a strip of wood or ebonite, whostf 
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lickness is such that the meta! strips are sepaiiited by the dia- 
ince from center to center of adjacent commutator segments. 

A amilar arrangement will siiffiL'e m the case of a simplex 
ip or a simplex wave wmding, provided the elements are of full 
itch; moreover, in the eaae of the simplex wave winding, the 
oltmeter reading will be due to p/2 elements in aeries, instead 
i only one element. If the winding is duplex or triplex, the 
pacing of the contact points must be two or three segments, 
tspectively; in general, if the winding is m-plex, the distance 
Ktween contacts must correspond to m commutator segments. 

As stated above, the observed reatlings of the voltmeter are 
es9 ihan the true values of generated e.m.f. by an amount equal 
:o the ohmic drop in the element (or elements) due to load 
;urrent if the machine is supplying an external circuit. In 
mier to eliminate this correction of the observed readings, an 
auxiliary "search" coil, of full pitch, may be wound on the arma- 
ture, one of its terminals being grounded on the shaft and the 
other connected to an insulated stud on the end of the shaft. 
Connect one terminal of a voltmeter of the D'Aifwnval type to 
the frame of the machine (or better, to a metal brush rubbing on 
the shaft) and the other terminal to a brush that makes contact 
"life per revolution with the insulated stud. If the moving coil 
of the voltmeter has sufhcicnt inertia and is well damped, it will 
pve a steady reading proportional to the e.m.f, generated in the 
search coil at the instant when the contact is established between 
the bru.sh and the rotating stud. If the brush is made capable 
(* adjustment around the are of a circle concentric with the sbsift, 
•hp oontact can be made to occur when the search coil is in any 
(iwired position under the poles. 

101. Potential Curve.— In Fig. !42 theordinates ci, e,, e,, etc., 

Put the e.m.f8. generated in individual coils, It is evident, 
re, that the expression 
ei + ea -I- e, + . . . + e, 

«tII be equal to the reading of a voltmeter one of whose terminals 
I* connected to the main brush {B) and the other to a single 
pilot brush separated from S by an angle equivalent to the 
spread of n coils. If the pilot brush (P, Fig. 143) is moved around 
tte periphery- of the commutator and voltmeter readings (cor- 
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■',<L-mial if current is flowing) are takei 
ir-iiiu ^^*n■€ of the kind eHowd in full Ud 




-c^ 



;e per clement and potential pi 



s\im:ito, f, of this curve is the sum of the ordina 
, , nr\o i,whicli is the same as that of Fig. 142) lyi 
iv tolluws that Ihi' first derivative of the functi 
«\uv tlu" poti'iitial curve will represent the curve 
.. vw. |«rt>viili'd the winding is divided into s lai 
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inl>er of elements. In other words, the slope of the potential 
rve at any point is proportional to the e.m.f. generated in the 
il corresponding to that point. 

L02. Predetermination of Flux Distribution in the Air-gap. — 
le change in the distribution of the air-gap flux due to the 
ignetic reaction of the armature current is very important be- 
use of it« effect upon the commutating characteristics of the 
stchine, as explained in a preliminary manner in Art. 91 and in 
eater detail in Chap. VIII. It is therefore occasionally desira- 
e, in designing a new machine, to be able to predetermine the 
LTve of flux distribution due to the field excitation alone (curve 
, Fig. 136), and also the curve of flux distribution due to the 
nnature m.m.f. {A, Fig. 136). Several methods^ for determin- 
ig these curves have been developed, but all of them, except that 
f Carter, are approximate; and Carter's method, though math- 
ematically correct, is derived by assuming a simple shape of pole 
^ore and pole face that is not ordinarily used in practice. 

For determining the curve of field flux distribution, the method 
recommended by Arnold involves mapping out the paths of the 
^nes of force in the air-gap and in the interpolar spaces in the 
manner illustrated in Fig. 145. This leaves much to one's judg- 
ment, but some guidance is afforded by the consideration that 
the lines are substantially perpendicular to the surfaces of the 
pole faces and of the armature where they enter or leave the iron; 
it is also true that the flux will distribute itself in such a manner 
that the total reluctance is a minimum, or, vhat is the same 
thing, for a given m.m.f. between the pole face and armature 
surface, the total flux will be a maximum. If, then, more than 
one trial is made, that one will be most nearly correct which 
jields the largest total flux. 

^W. E. Goldsborough, Trans. A.I.E.E., Vol. XV, p. 515; Vol. XVI, p. 
«l;VoI. XVII, p. 679. 

S. P. Thompson, "Dynamo Electric Machinery," Vol. II, p. 206, 7th ed. 

F. W. Carter, Electrical World, Vol. XXXVIII, p. 884 (1901). 

E. Arnold, "Die Gleichstrommaschine, Vol. I, p. 320, 2d ed. 

T.Lehmann, Elektrotechnische Zeitschrift, Vol. XXX, pp. 996 and 1019 
(1909). 

B.G.Lamme, Trans. A.I.E.E., Vol. XXX, Part 3, p. 2362 (1911). 

C.R. Moore, Trans. A.I.E.E., Vol. XXXI, Part I, p. 509 (1912). 
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Under the central part of the pole, where the air-gap (h) k 
uniform, the flux density {B^ will also be uniform and invei 
proportional to 5 ; at any other point a tube of force of length (.] 
and mean section b. (taking a unit length along the core) wiH 
have a permeance b./^si hence the flux density at the armati 
surface will be 

*• (16) 



-J m.m.f. Ox n ' ^ 



ax 



If Bg is taken as 100 per cent., values of 5, can then be found from 




FiQ. 145. — Distribution of main field. 



the scaled values of 6z, K and a,, and the computed results when 
plotted along the developed armature surface will determine a 
curve like R, Fig. 146. Curves R' and R" represent portions of j 
similar curves for adjoining poles (of opposite polarity), so that ' 
^he resultant of R, R' and R" gives the desired curve, F. ' The area 




T" 

I 

1 




Fig. 146. — Curve of flux distribution. 



of one loop of curve F, multiplied by V (the corrected length of 
armature core) must then equal *. 

The determination of the curves of flux distribution due to the 
armature m.m.f. (curve Aj Fig. 136) is more difficult than in the 
case of the field flux, but the same general method is applicable. 
Thus, in Fig. 147 are indicated the paths of the lines of f (M*ce 
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laoating from the armature. At any distance x from the 
rash the permeance of the tube of force of unit depth parallel 
■ the shaft will be equal to 7^, and if the peripheral distribution 
ifpenneaaceisplotted, ascurvePof Fig. 148, and the Ordinates 
if turvR f are multiplied by the corresponding ordinates of the 
pwe of armature m.m.f. (M.M.P.), the resultant values will give 




Fio. 147. — Magnetie lines of force due to armature auirent. 

the curve of armature flux {A). The field due to the armature 
:m.m.f. has greatest influence in the axis of commutation, ahown 
.at B in the £^ure; in the paper by Lamme (loc. cit.) it is 
recommended that the mean path of the flux issuing from the 
axis of commutation be taken as the are of a circle extending 
to the middle point of the pole core, and intersecting the 
surfaces of armature and pole core at right angles. 




Fio, Me.'— Calculation of flui distribution due ti 
PROBLEMS 

1. The machine epecified in Problem 2, Chap, IV, hoa a brush lead of 
three commutator segments. How many ampere-turns per pole arc neces- 
sarjr to compensate the demagnetizing action of the artrature at full rated 
load? 
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2. Ck>mpute the field intensity at the pole tips due to the cross-field oCi 
the armature of the machine referred to in Problem 1 when it is dehveriogj 
full-load current. Assume ^at the field excitation is sufficient to give u! 
average air-gap density of 40,000 lines per sq. in. 

8. Under the conditions assumed in Problem 2, what additional field ex- j 
citation is necessary to neutralize the demagnetizing component of ctoob- 
magnetizing action? 

4. The armature resistance of the machine specified in Problem 2, Chap. 
IV, is 0.0245 ohm. When the machine is delivering fu11-4oad current, t 
voltmeter connected to a double pilot brush spanning adjacent commutator 
segments gives a reading of 7.35 volts. What is the field intensity in tfatj 
region occupied by the conductors corresponding to the segments touchfii] 
by the pilot brushes? 



CHAPTER VI 
OPEXtATING CHARACTERISTICS OF GENERATORS 

108. Service Requirements. — The lamps, motors, or other 
iDslating devices supplied with electrical energy from a dis- 
ibution circuit may be connected to the supply mains in parallel^ 
series, or in series-paraUel, as shown diagrammatically in Fig. 
:9a, 6, and c. 

Parallel connection (o) is used when the individual units con- 
ituting the load on the system are designed to operate with a 
instant difference of potential between their terminals, and in 
ich a system any individual load unit can be disconnected 





(6) 




O ^OOOOOi fo0000| (O 



Fio. 149. — Parallel, series and series-parallel circuits. 

dthout. interfering with the operation of the remaining units; 
is examples of this class of service may be mentioned the use 
>f incandescent lamps for interior lighting, and street railways 
>perating with constant difference of potential between trolley 
ind rail. 

Series connection (6) is used principally in arc-lighting and in 

leries-incandescent lighting of streets and alleys, where each 

Amp requires the same current. If an individual load unit in 

this system is to be cut out of service, it cannot be disconnected 
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as in tlie parallel system, but must be short-circuited by » 
'^jumper" connection, as in Fig. 149& above, in order to preeervc 
continuity of service in the remaining units. 

Series-parallel distribution (c) is merely a combination of tbf 
other two, and requires no special consideration, once the prin- 
ciples underlying the series and the parallel systeD[is are under- 

t 

stood. A common example of series-parallel connection » ' 
found in the lighting circuits of a trolley car, where several strinp 
of five 110-volt lamps in series are each connected across the 
550-volt supply circuit. 

If in a constant potential (parallel) system there are A' lamps 
(or other load units) each taking i amperes, the total current 
supply is Ni amperes, and the power consumed, neglecting tibelo* 
in the Une, is NiV watts, where V is the line voltage. In a con- 
stant current (series) circuit, if there are N lamps each requiring 
V volts and t amperes, the total impressed voltage must be Ap 
volts and the power consumed will be Nvi watts, again neglect- 
ing the line loss. In the first case (parallel system) the line 
conductor must have a cross-section at the supply end capable 
of carrying Ni amperes, and gradually tapering oflf as the end 
of the line is approached. In the second case (series system) the 
line conductor will be of uniform cross-section from end to end, 
since the current is everywhere the same, but the difference of 
potential between the supply lines will be large at the generator 
end (G) and will gradually decrease as the distance from the gen- 
erator increases. The parallel system requires a much greater 
weight of copper in the line than the scries system, but this dis- 
advantage is offset by the fact that the high voltage required iD 
a series circuit of any considerable power limits the use of series 
circuits to outdoor service. Thus, if 125 arc lamps, each con- 
suming approximately 50 volts, are connected in series, the total 
voltage consumed by the lamps will be 6250 volts; adding to this 
the voltage consumed in overcoming the resistance of the line, 
the e.m.f. required at the generator will be of the order of 7000 
to 8000 volts, or much too high for safety in indoor service. 

Although the parallel system of distribution is ordinarily called 
the constant-potential system, it will be readily apparent that 
the difference of potential between the conductors will vary more 
or less from point to point; becoming less as the distance froa 




generator increases, because of the drop of potential due to 

resistance of the line wires. This drop of potential due to 

Bimic resistance may be reduced to any desired amount by 

the cross-section of the conductor, but it is clear that a 

lit is set by the rapidly increasing cost of the conductors. If 

; lamps (or other translating devices) are grouped at a distance 

m the generator, the voltage at the lamps may be kept con- 

iDt, irrespective of the current In the feeder circuit, provided 

i voltage of the generator is raised, as the load increases, to a 

sufficient extent to compensate the drop of potential in the line, 

; IM. Characteristic Curves.— In view of the various types of 

pwvice requirements described above, it becomes important to 

pDvestigate the characteristic behavior of the usual types of 

feneratorB in order to determine the kind of service to which each 

vadapted. Probably the simplest way to study and compare the 

^veral kinds of machines is to construct charnderislic curves 

which show the relations between the variables involved in the 

operation of the machine. For example, the external characler- 

iiUe of a generator is a curve showing the relation between ter- 

tmioal voltage, plotted as dependent variable, and external (line) 

I mrrent, plotted as independent variable. Other characteristic 

I curves are discussed in following articles. 

106, Regulation. — In the case of a generator, the terminal vol- 
tage at full load is generally different from that at no load. The 
difference between the two values is then a measure of the close- 
DMs with which the machine regulates for constant voltage; the 
ififference is called the voltage rcffulntion. In order to make this 
measure a perfectly definite one, so that machines of different 
makes and sizes may be compared, the Standardization Rules of 
ihe American Institute of Electrical Engineers define the per- 
wilaj/e voltage regulation (or simply the regulation) as the 
■''ftrence between the full-toad and no-load voltages, diL'ided by the 
ill-load voltage, and multiplied by 100. ' 

' The StaDdardixallon Rules define percentage reRiiIation a» ''Ihe percent- 
N!v rittiti or the change in the quantity occurriDK between the two loads to 
ilif valur of the quantity at citLcr one or the other load, taken as the 
"ii"i«l value." Inufliuiioh as the fulMoiid voltage is usually ponsidered 
ill' uorninl voltage, it would lie used as the divisor in obtaining the pereent- 
-i". Rgulation, henuc the definition given above. 
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Similarly, if a machine is designed to regulate for constant 
current, as an arc-light generator, its regulation would be' com- 
puted in like manner by dividing the difference between f ulMoad 
and no-load currents by the full-load current. The speed regu- 
lation of a motor, engine, turbine, etc., would be similarly defined 
in terms of speeds at full-load and at no-load. 

106. Characteristic Curves of Separately Excited Generator.— 

The following symbols will be used: 

E = generated e.m.f. 

V = terminal voltage 

Ta = resistance of armature, including brushes and brush 
contacts 

r, = resistance of field winding 

R = resistance of external load circuit 

i = current taken by load 

if = current in field winding 

71/ = field turns per pair of poles 

71 = speed of rotation, r.p.m. 

No-load Conditions, — Under no-load conditions, the armature 
being driven at its rated speed, the relation between the e.m.f. 

generated in the armature wind- 
ing and the exciting current in 
the field winding is given by the 
magnetization curve discussed 
in Chap. IV (see Fig. 100). 
Since the generated e.m.f. is 
given by the equation 




E = 



a 



60 X 10» 



Fi(}. 



upo 



it follows that if ^ is kept con- 
stant (by keeping i/ constant), 

-i.fTcH t of variation of speed the generated e.m.f . will be 

n inagiictization curve. i. i • * , 

directly proportional to the 

speed. If, then, Eyi/, and n are plotted along three axes^of 
coordinates, th(ue will result a surface of the kind illustrated in 
Fig. 150. Sections of the surface cut by planes parallel to the 
(Ey n) plane arc straight lines whose slope increases as the dis- 
tance of the section from the {E, n) reference plane increases 
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« 

it first rapidly, then more slowly. Sections cut by planes 
parallel to the (£, %/) plane are magnetization curves correspond- 
ing to the speed represented by the distance of the secant plane 
from the origin of coordinates. 

External Characteristic. Load Conditions. — With the connec- 
tions shown in Pig. 151, let the machine be driven at its rated 
speed, the field excited by a constant current f/, and the brushes 
set livith an angular lead a most favorable for good commutation. 
The line current (which is here the same as the armature current) 




.,-« . 






I-' 



Fio. 151. — Ck>imectionB for determining no-load characteristics. Separate 

excitation. 

will vary as the external load resistance R is varied, and the ter- 
minal voltage V will be less than the generated e.m.f. E by ir« 
volts, the latter being consumed in the internal resistance of the 
armature. That is, 

F = B - ira (1) 

In this expression fa comprises not only the resistance of the 
armature winding itself, but the resistance of the brushes and their 
connections, including the contact resistance between commuta- 
tor and brushes. While the resistance of the armature is con- 
stant when the steady working temperature has been reached, the 
contact resistance is not constant, but varies approximately 
inversely as the current; that is, the total drop of potential at the 
contact surface between commutator and brushes is approxi- 
niately constant, and is of the order of 2 volts with ordinary grades 
^ carbon brushes, provided the current per sq. in. of con- 
^ area does not exceed 45 amperes (or 5 to 7 amperes per 
8q. cm.). 
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In the case of copper brushes, which are used only with low- 
voltage machines, the contact drop is of the order of 0.04 volt 
with current densities ranging from 65 to 160 amperes per sq. ul 
(10 to 25 amperes per sq. cm.). 

Strictly, therefore, 

F = B - f r; - A6 (2) 

where rj is the constant part of the armature resistance, and ^ 
is the drop over the variable contact resistance. In what follows 
this correction is ignored for the sake of simplicity. 



Ssteraal Oharacterlitle 









A i 




Fi(}. 152. — ('onstruotion of external charaotoriBtic of separately excited 

generator. 

In Fig. 152 let O^M be the magnetization curve plotted with 
ampere-turns per pair of poles {n/if) as abscissas and generated 
e.m.f . {E) as ordinates. If the excitation is adjusted by means of 
the field rheostat (Fig. 151) until it has the value represented by 
the abscissa OFo, the generated e.m.f. will be Ffffo = OPq, and 
this will also be the terminal voltage when the machine is running 
on open circuit (i = 0, ft = oo). 

On closing the external circuit through a load R of such re- 
sistance that a current of i amperes is drawn from the machine, 
the terminal voltage drops below its no-load. value; (1) because 
the demagnetizing action of the armature reduces the useful 
flux ^j and therefore also the generated e.m.f. E} (2) because of 
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the drop of potential, tVa, in the armature. In Fig. 152 let OA 
represent to scale any value of load current (?) and^raw AH 
at an angle of 45 deg. so that OH = OA = i; or what amounts 
to the same thing, lay off a scale of line current along OH as well 
as along OA, At the point H draw a horizontal line HD of 

length 

^ • 

HD = Tarf" ~ demagnetizing ampere-turns per pair of poles 

to the same scale previously adopted in drawing the magnetiza- 
tion curve M. If the straight line OD is then drawn, the inter- 
cept H'D' corresponding to any other value of line current such 
as OA' = OH' will represent to scale the demagnetizing ampere- 
turns per pair of poles, since that quantity is directly proportional 
to the armature current for a fixed setting of the brushes. Sub- 
tracting HD from the fixed field excitation OFo, the remainder, 
OFy is the net excitation, and the corresponding value of generated 
e.m.f. is FG ^0K\ the subtraction can be effected graphically 
by joining points H and Fq and drawing DF parallel to HFq) or by 
transferring the length HD to F(f by means of a pair of dividers. 
Corresponding to the current i = OA, the drop of potential in 
the armatiu'e will be tVa = AS^ where AS is laid off to the scale 
of voltage previously chosen in drawing curve Af. If the line 
OS (sometimes called the loss line) is then drawn, the intercept 
A'S' corresponding to any other value of current such as OA' 
will represent to scale the ohmic drop due to that current. 

Since FG = OK is the generated e.m.f. corresponding to the 
current OA, the terminal voltage can be found by subtracting 
AS from 0K\ this is accomplished graphically by drawing KP 
through the point K parallel to OS until it intersects the ordinate 
through A in the point P. The latter point is then on the exter- 
nal charaderiaiic of the machine. Additional points, such as P\ 
are readily found by the construction indicated in the figure. 
This method is subject to small errors because of the fact that 
it neglects a possible demagnetizing effect due to cross magneti- 
zation (Chap. V) and also due to the short-circuit currents in 
the coils undergoing commutation. The former may be taken into 
account, if necessary, by slightly increasing the angle 0. 

It will be observed that the form of th(» external characteristic 
PaP is dependent upon the form of tlu; jnagnc^tiziition curve O'jV, 
as well as upon the angles and <p. There will be a different 
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characteristic corresponiUng to each setting of the field excitatiir' 
OFq. The student will find it very instructive to run throne-, 
the construction using a value of field excitation such that tt" 
point Go falls on, or slightly below, the knee of the uiagnetizaticn 
curve. i 

Applications of Separately Excited Generator. — The construe- 1 
lion of Fig. J52 shows that the separately excited generator has I 
an inherent tendency to regulate for constant voltage. The I 
external characteristic is necessarily drooping, but the change I 
in voltage from no load to full load can be made quite small by 
keeping down the demagnetizing aclion of the armature and by 
designing the armature winding to have a sufficiently low resist- 
ance to limit the ohmic drop to a small percentage of the ra'i'd 
voltage. For these reasons the separately excited generator i,* 
suitable for constant potential service, but is seldom used in hea\'}" 
power installations for the reason that equally satisfactorj' re- 
sults can be secured from self-excited machines of the shunt and 
compound types; but in laboratory and commercial testing the 
use of separate excitation is often very convenient and is fre- 
quently used. 

107. Effect of Speed of Rotation on the External Characteristic. 
^For a given value of the excitation and, therefore, of the 
flu.\| the generated e.m.f. will be proportional to the speed. Id 
case the machine is operated at a speed other than the rated speed, 
curve O'M of Fig. 152 must be replaced by a new curve whose 
ordinates bear the same relation to those of the original curve that 
the new speed bears to the rated speed. This is shown in \hv 
three-dimensional diagram of Fig. 153. The latter figure also 
shows that the locus of the external characteristics for varj'ing 
values of speed (but with a fixed value of field exciting currcnl) is 
a wedge-shaped surface, OPaP. 

108. Load Characteristic. — By a load characteristic is tneu 
a curve showing the relation between terminal voltage (as orij 
nates) and field excitation (as abscissas}, subject to the conditHS^ 
that the curi-ent supplied to the load is constant. If this lofw 
current happens to be zero, the curve becomes the familiar nf*' 
load characteristic or magnetization curve, 0.1/, Fig. 154. N'oi* 
suppose that the resistance R (Fig. 151) of the external circuit 
is varied, and that the field excitation is so adjusted that the cO'' 
rent is maintained at its normal full-load value, i = /. T*"^ 
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terminal voltage will then be F - IR, represented in Fig. 154 
by the ordinate OA. At no load thia e.m.f. would require an 




atHttiouAB = OC,butunder the assumed conditions the gener- 

tted e.ni.f. must be greater 

thu OA by an amount DF, 

rtere DF = Ir„ that is, the 

uai. required to be generated 

to yield a terminal voltage V 

"OAia DG, corresponding to 

u excitation OG. Finally, 

beetuse of armature demag- 

Qetiiing effect, the field ex- 

nU^n must be still further 

increased to OK, where 

GK = (ADd 
An ordinate through K then 
intereecta AB (extended) in the point P, which point accordingly 
iiabn the load characteristic corresponding to full-load current. 
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Since DF and GK = FP remain constant in magnitude a» 
long as J = /, the load characteristic is the same in shape as the 
no-load characteristic, but shifted downward and to ihe righl 
by the constant length DP, as shown by the series of shadol , 
triangles. 

This construction is not strictly accurate, for with increasing 
excitation the demagnetizing component of cross-magnetization 
becomes greater, especially if the iron is saturated; in other 
words, FP should increase in magnitude as the curve rise?. 
Further, remembering that the coefficient of dispersion, v, is ilseii' 
not constant, but that it increases with increasing excitatioD 
(A' increasing, equation (34), Chap. IV), it is clear that thi* 
feature will contribute to a further increase in FP. 

109. The Armature Characteristic.~lt is evident from Fip. 
154 that if the tcnuimil voltage is to be maintained constant for 
all values of (he load current, the excitation must be increapfii 
as the load increases. Thus, an increase in the current from 
/ = to / = / requires an increase of excitation from OC to OK 
in order to maintain a terminal voltage equal to OA. The cur^-e 
showing the relation between lield excitation (as ordinate) and 
load current (as abscissa), under the condition of constant ter- 
minal voltage is commonly called the armature characterise 
(Fig. 155) though a better name would be "regulation curve." 

110. Characteristic Curves of the Series Generator. — Exiernal 
Characteristic.—' 

Let E = generated e.m.f. 
V = terminal voltage 
i = current in the circuit 
fa = resistance of armature winding, including brushes 

and brush contacts 
7/ = resistance of series field winding 
Tif = series field turns per pair of poles 
R = resistance of external circuit 
n = speed in r.p.m. 

Since the same current (i) flows through the armature, the field 
winding, and the load circuit (Fig. 156), it follows that an 
increase of load cau-ses an increa.se of excitation and therefort' 
also of generated e.m.f., the si)eed of rotation being kept constant 



OPERATING CHARACTERISTICS OF OENERA TORS 203 



its rated value. The external characteristic will have the form 
curve III, Kg. 157. If, then, to the ordinates of curve III 
be added the ordinates of the loss Une, curve II will result. 
^e II is the itUemal characteristic^ showing the relation 
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Fia. 155. — Armature characteristir 
or regulation curve. 



Fio. 156. — Conneotions of 
series generator, determination 
of extf.rnal characteristic. 



between the internally generated e.m.f. and the armature cur- 
rent. This follows because 

E^V + i{ra + Tf) (4) 

If there were no armature reaction, curve II would be the 
magnetization curve of the ma- 
chine : but in the actual machine, 
where armature reaction exists, 
the magnetisation curve (I) is 
displaced from curve II in the 
manner indicated in the figure. 
Thus, of the excitation. Oil re- 
quired to produce terminal 
voltage ilP and generated e.m.f. 
AG^ a part, ZXr, is required to 
balance the demagnetising com- 
ponent of armature reaction. 

The remainder, or OF , is then Fio. 157. — External characteristic of 

responsible for the generated "®"^^ generator. 

e.m.f., hence Z> is a point on the magnetization curve. 

Repeating this process to find other points, such as D', it will 
be seen that the sise of the triangle PDG must be altered from 
point to point. But since PG and DG are both proportional to 
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the current, t, their ratio, and consequently the slope of DP, i 
remain constant. This leads to the following simple constni 
tion for obtaining the external characteristic from the giveaf 
magnetization curve of the machine.* 

The demagnetizing effect AF corresponding to any current 1 
i = OA is given by 

aZi 1 
iSOa ■ n, 

to the scale of current, and the length FB is equal to t(ra + r/) to 
the scale of volts. These two lengths, when laid off as in Fig. 157, 



Fio. 158.— Effect o( 




locate the point B, therefore also the line OB. To find a pointf 
on the external characteristic corresponding to current OA', draw 
A'B' parallel to AB, through B' draw B'D' vertically until it 
intersects curve M in D', and draw D'P' parallel to B'A' until 
it intersects the ordinate through A' in the point P'. 

111. Dependence of the Form of the Characteristic vfoa 
Speed. — Variation of the speed of a series generator affects the 
magnetization curve in exactly the same manner illustrated in 
Pig. 150 for the case of the separately excited generator. Thus, 

> Thb 18 the same conslructioa given in Arnold's Die Qleiobstrommuehiiw, 
Vol. I. 



t 158, the surface bounded by OD'D is the locus of the 
Kuation curves for various values of speed laid off along the 
ftxis n. Corresponding to each magnetization curve there 
9 an external characteristic constructed as in Fig. 157, and 
ins of all such external characteristics will be a surface in- 
A by the heavy lines, as OAoP. The intersection of this 
B with the base {n, i) plane is a curve OAg, which shows the 
U between speed and current when the machine is short- 
led (K = 0). 
'i Condition for Stable Operation. — Referring to Fig. 156, 

usually be found that when the machine is driven at its 
!Q>eed there is a critical value of the load resistance R above 
tile machine will fail to 
Fte, or to "build up," 
the load resistance has 
lowered slightly below 
[ticai value, the terminal 
e and current will at 
ioe rapidly and then 
dowly until a condition 
Dibrium is reached, but 
Id the initial and final 
ion the machine is in a 
<df unstable electrical 
■ium. Further reduc- 
^ will cause the cuiTcnt 
la J. to change, but there is no further evidence of instability, 
mason for this behavior will be evident from a consJdera- 
^^. 159, in which the curve represents the external char- 
BO of the generator. It is evident from Fig. 156 that 

taw must hold for the external circuit, or 



equation of a straight line through the origin, the slope 
tae beii^ proportional to R. Thus, OBu OR3, OH^ etc., 
Ind to successively smaller values of R, and these lines are 
■istic of the external circuit. Since the points repre- 
^^pimultaneous values of V and i must satisfy the char- 
be of both generator and external cucuit, the point of 
ium will be at their intersection. Thus, when the external 
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resistance is high, as Ri, the terminal voltage and current 1 
represented by the coordinates of point Pi. When R = a 
line ORi coincides for a Rreater or lesser range with the el 
characteristic, hence there is mt 
equilibrium between the points P 
/*",. Values of R such as Rt and i 
give stable equilibrium at points f 
Pi. respectively. 

113. Regulation for ConstantCuRi 
Inspection of the construction of Fl 
j,„, will show that the external charael 
of of a series generator will droop nun 
conBniuiciirreiimeiietiii.jr. jj^q^^ j^g (jj^, armaturc reaction and a 
voltage drop become grealoi'. In fact, by purposely exa^fl 
the magnitudes of these two quantities, the characteristii 
be made to bend over to such an extent as to become t 
vertical, in which case the 
machine has an inherent ten- 
dencytoregulateforconstant s 
current. Such a character- 
istic is desirable for series arc 
circuits, and some of the 
older types of Brush arc-light 
generators were designed on 
this principle. 

\not her method of regulat- 
ing a scries generator to make 
it deliver a constant current 
is to provide a variable re- 
sistance shunted around the 
series-field winding, as in Fig. 
160. It is clear that a por- 
tion of the exciting current 
is then by-passed around the 
winding, thereby cutting down the generated e.m.f. 
variation of the resistance of the load must then lie acconi] 
by a corresponding change of the regulating shunt. The 
between the resistance of the regulating shunt and thi 
spouding terminal voltage of the machine is shown in i 
manner in Fig. 161. 
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Let OAt be the magnotization curve, with ahaeissos equal to 
the current in the field winding (instead of ampere- turns), and 
let OA = i be the constant current that the machine is required 

develop; in other words, the external characteristic is to be the 
rtical line AY. Lay off ^fl to any convenient scale equal to 
! resistance (r/) of the series field winding, and to the same 

ale lay off BC equal to any arbitrarily selected value of the 
iatance (r) of the regulating shunt. AB will be fixed in magni- 
kde while BC will be variable. Vertically upward from A set 
r AD = i>/ = constant, also DN =ir„ = constant, and down- 
hrd from A set off AG = OA = i = constant. 

1 The total cuirent, t, will divide between t/ and r in such a man- 
r that 

ir + ir, = i (Si 



m 



Hence, if C and G are joined by a straight line and BH is drawn 
parallel to CG, point H will divide AG = i into two parts, such 
that AH = i, and HG = i,,. Joining G and 0, and drawing HK 
parallel to GO, OK will be the current through the series-field 

winding. Setting off KL = r^r — , or the equivalent de- 
magnetizing current of the armature, OL will be the net excitation 
of the machine, and LM the corresponding generated e.m.f.; if 
MP is tb"^ ohmic drop in the machine, or i(r„ + j , the 

terminal voltage will he V = LP = AQ. To find MP graphic- 
ally, proceed as follows: Connect C and D and draw BF parallel 



to CD; then DF - 



rrf 



and NF = 



V '■ ^ r -I- tJ 



Thcre- 



r + r/ *"'"'" 'V ' r + Tf/ 
fore, point P is found by joining M and ,V and drawing FP 
parallel to MN. Finally, therefore, AQ is the terminal voltage 
porrcaponding to the shunt resistance r = BC. Other points 
may be found by exactly similar construction. 

It will be evident from the above discussion that the voltage 
of a series generator can also be controlled by varying the posi- 
tion of the brushes, thereby changing angle a and affecting tbe 
leiigth'XL in Fig. 161. 
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Applications of Series Generator. — ^The characteristic curves of 
the series generator show that in general an increase of current 
drawn by the load causes a corresponding, but not strictly pro- 
portional, increase of voltage; but that it is possible to make the 
machine regulate for constant current output by the use of suitft- 
blc auxiliary devices. Accordingly the series generator is adapted 
to series arc lighting service, and is still used to some extent for 
that purpose, but it has been practically superseded by later 
developments in the art; series arc circuits are now usually sup- 
plied with current from mercury arc rectifiers which are in tbm 
supplied from alternating-current circuits through constant-cur- 
rent transformers. In Europe, series wound generators, regu- 
lated for constant-current service, find a limited application in 
the Thury system of long distance transmission of power (see 
Art. 121). 

If a series machine is designed with an unsaturated magnetic 
circuit, both the magnetization curve and the external chracter- 
istic may be made to be nearly straight lines through the origin, 
so that the machine will develop a terminal voltage practicaUy 
proportional to the current output. This feature makes the ma- 
cliine ua(»ful as a booster, in the manner explained in Art. 192, 
Chap. XI. 

114. Characteristics of the Shunt Generator. — Open-circuit 
Conditions, — I^et 

E = generated e.m.f. 
V = terminal voltage 
?a = armature current 
i = (ixternal or line current 
t, = slmnt-field current 
Ta = armature resistance 
r, = slmnt-field resistarf^e, including regulating rheo^ 

stat 
R = resistance of external load circuit 
n, = field turns per pair of poles 
n = speed in r.p.m. 

When the load or receiver circuit of a shunt generator is dis- 
connected, as in Fig. 162, the armature and shunt field constitute 
a simple series circuit identical with that of Fig. 166. It is there- 
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e easily spcn that variation of thr shunt-field rheostat will give 
fae to chanKes in V and i, in the manner already discussed in the 
tsse of the series generator. There is, however, this difference, 
Eh&l the high rcaistance of the shunt field winding will limit the 
Bow of current (i,j to values that are small compared with the 
current carrying capacity of the armature, therefore the observed 

'dmgs of V under the conditions assumed will not differ appre- 

! >\y from E, the total generated e.m.f. Thus, with the extei^ 

il circuit open 

E = V + i.r, S y (7) 

since both i, and fa are small. Moreover, the small flow of cur- 
Tfiil in the armature means negligibly small armature reaction, 
brace th(^ relation between V and i, will be closely represented 
'ly the magnetization curve of the machine. 

.. . V 

Since i, = — , the effect upon the terminal voltage of changing 

ihe value of r, will be given by a construction identical with that 
of Fig. 1 59 : generally there will be a region of unstable equilibrium 
in ihe building up of the generated e.m.f. 
The External Ckaraderistic. — The form of the external char- 

"iTistic showing the relation between terminal voltage V and 




■ current i can be determined by the following method:' From 
:■ 162 it is evident that 

E ^ V + i,r. (8) 

i. = i + i. (9) 



tlO) 
(U) 



ihe relation between the generated c.ni.f., E, and the field excita- 

W£:— 
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tion, n.t, {araperc-turns per pair of poles), is given by the 
netization curve, M, Fig. 163. If the machine is nmnii 
open circuit (R = «), let the resistance of the field rhcost 
so adjusted that the excitation is represented by OFe, thej 
ated e.m.f. then being FoL; this will then be nearly equal j 
terminal voltage on open circuit, neglecting the small drop. 
in the annature. The line ON is then the "field resii 

V r, . 

line, its slope being r = — that is, proportional to r,-i 

sponds to the Unes ORi, OK,, etc., of Fig. 159. It will ba 
that coordinates of all points on the Hne OA''will represent 
taneous values of terminal vollago and field excitation. 



irA 


"'^^l^fl K 


-/5u_____^_^ 
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Fio. 163. — (.'oDstrui^ lioD of pxlernal charorWrUtic of shunt geiitnifni 

Now let the external circuit be closed, R being so adj 
that a moderate current will flow. Then, even were thi 
tion to remain constant, as in the separately excited genei 
the terminal voltage would fall because of the ohmic drop 
armature winding, i.e., from equation (8) 

V = E - t,r. 
But, in the case of the shunt machine, a decrease of ten 
voltage is accompanied by a proportional decrease of exciti 

V 
sincei, = hence, whcnthereisan appreciableload current 

ing, the flux and the generated e.m.f. are reduced, thereby 
a further reduction of V. It is clear, therefore, that the gi 
the load current the less will be the terminal voltage, and thi 
drop of terminal voltage will be greater in the shunt ma 
than in the separately excited machine, other things being 
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Suppose that the load has been increased to such a vahie that 
the terminal voltage has fallen to the value OQ, Fig. 163; the 
inoblein it then to locate the point P on the horizontal line CQP 
Rch that P is a point on the external characteristic. 

Through Q draw the horizontal line QC intersecting ON in C; 
(hen OF represents to scale the new value of n,i,. If there were 
': 00 armature reaction, the ordinate FG would be the total gener- 
\ Ated e.m.f . corresponding to the excitation n,i, = OF, and there- 
fore, since 

iara = £ - F 

C6 would represent to scale the value of iaVa- But since arma- 
ture reaction does exist, the net excitation is less than OF by 
an amount FD, where 

^^ = 180a 

Actually, therefore, the net excitation is OD, and the generated 
e.m.f. is E = BD 

:. iara -- E -V = BD- HD ^ BH 

and 

BH BH iaVa ISOara ^ , , 

180a 

In other words, when a point C on the field resistance line ON 
has been fixed, point B is found by drawing through C a line CB 
making the fixed angle ^ with the horizontal. 

Through B draw the horizontal line BK, and through K draw 
KP at an angle $ with the horizontal, this angle being so chosen 
that 

tan $ = Va 

to the scale of the figure. It foUows, then, that 

^^ " tan ^ " r„ " ^" 

hence P is a point on a curve whose ordinatcs are terminal vol- 
tage (V) and whose abscissas are total armature current (/.,). 
Corresponding values of Une current (i) can then be found by 
subtracting i,; this can be done graphically by drawing the line 
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0P„ at an angle ^ such that tan ^ = 
for it is easily seen that 



', to the scale of the ligu 



Q.V 



tan^ 



L too I 



Hence AP = I' and AT = ; are simultaneous values of lern 
voltage and line current. Similitr construction will then s 
to locate additional points, such as P', as illustrated in Fig. ifl 

It will be observed that the external current at 6rst incra 
as the load resistance is lowered, but that eventually i 
point is reached beyond which a further lowering of the externyi 
resistance causes the current to decrease rapidly. The terminal I 
voltage fails steadily throughout the entire process, becoming 1 
zero when the machine is dead short-circuited (fi = 0); uniicr 
this condition of complete short-circuit the external curreni i= 
not zero but has a small value 0.5 due lo the fact that resiJufi! 
magnetism generates a small e.m.f. that is entirely consumed i" 
driving the current through the armature resistance. It might be 
inferred from these facts that a shunt generator can he short- 
circuited without danger, but this is not the case except in very 
small machines; for the critical point at which the line current 
begins to decrease is generally far beyond the current -carrying 
capacity of the armature, and the winding will bum out before 
the current has had time to decrease to a safe value. 

Applications of the Shunt Generator. — Within the range of losd 
determined by consideration of safe heating limits, a properly 
designed shunt generator, when driven at rated speed, ha."! an 
inherent tendency to regulate for nearly constant voltage. The 
drop in voltage between no load and full load, while somewhat 
greater than in a separately excited generator of the same df- 
sign, may be kept quite small. Shunt generators are therefon' 
suitable for constant potential circuits where the load is so close 
to the generator that the drop of potential in the line resistance is 
of no consequence; for example, a shunt generator may be used s» 
an exciter for the field circuit of an alternator. Control of ter- 
minal voltage to meet changes of load may be made by hand 
adjustment of the field rheostat if the changes of load are not 
too rapid; and if the load ia of a rapidly fluctuating character, 
the terminal voltage can still be kept practically constant, or can 
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I'Vi'ii be made to rise with incieasiag load, by an automatic 
fievice such as the TirriU regulator (see Art, 124). 

A slnint generator is well adapted to such service as charging 
storage batteries; for as the battery approaches the condition 

of full charge its e.m.f. riseH and so tends to reiluce the amount 
■■( L-barging current; but because of the drooping characteristic 
: llie shunt machine, the decrease of current \s accompanied by 
iti increase of the generator e.m.f., hence thexe is an automatic 
-:ilaace which prevents the battery from discharging back 
'iiiniigh the generator. 




116. Dependence of the Fonn of the Characteristic upon 
Speed. — ^The diagram of Fig. 163 was drawn subject to the con- 
JiUuu that both the speed and resistance of the shunt circuit 
remain constant, A change in speed (r, remaining the same) 
*ill alter the form of the characteristic, and the new relations 
ortween V, i", and n can be moat easily shown by a three-dinien- 
sional diagram such as Fig. 164. In this figure the surf ace OOi M, 
'friwn to the left of the speed axis, is the locus of the magnetiza- 
tion curves for various values of speed, and to each magnetization 
nirve there will correspond a characteristic L\, L\, etc., the 
locus of which has the peculiar tubular form shown in the 
•tisKram. 

If the shunt field resistance has a constant value, the locus 
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of the field resistaDce lines {ON) will be the plane OOiN, and tbe 
intersection of this plane with the magnetization mirface OOtll 
will l)e a curve OL'L. The projection of this curve on the 
{V,n) plane will give curve OL'iLi, which shows the relatioB 
between terminal voltage and speed when the generator is operst- 
ing on open circuit. If there were no residual magnetism, cum 
OL'L would not pass through the origin, but would inteisect 
the speed axis in a point Z; that is, if there were no residual 
magnetism, the machine would ful to buDd up for any qwcd 
below a critic^ speed, OZ. 

116. Dependence of Form of Chaimcteristlc tq>on ResistiiKt 
(tf Shunt Field Circuit — If the speed of a shunt generator is kepi 
constant and the resistance of the field circuit is varied by mesu 




Fio. IGfi. — Effect of variation of shunt T«Eu]atiiig reaistanco upon ciltrul 
Hcharacterietic of ahuat Bcaerator. 

of the regulating rheostat, the size and shape of the cha^acte^ 
istic will be affected in the manner shown in Fig. 165. OM ■< 
the magnetization curve corresponding to the speed at which the 
machine is driven, and 0N\, ONt, etc., are the field resistance lia* 
correapondioK to the setting of the rheostat. The constructioP 
of the several characteristics is carried out in the manner dc* 
scribed in connection with Fig. 163. 

117. Approximate Mathematical Analysis of Shunt GeneratoC 
Characteristics. — It will be evident from the preceding article^ 
that the form of the external characteristic is in all cases depend^ 
ent upon that of the magnetization curve, h^ce an equation 
representing the relations between the variables V, t and n must 
be a function of the equation representing the magnetization 
curve. Since the latter would necessarily involve a relation be- 
tween B and H for the iron comprising part of the magnetic cir- 
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Jid since such a relation is entirely unknown, the best that 
3 done is to represent the magnetization curve by an em- 
[ equation originally due to FroeUch, and which can be 
n in the form 



E = 



am. 



(13) 



i a and 6 are constants, and n is the speed. If the speed is 
K>nstant, this equation represents a hyperbola, with asymp- 
as shown in Fig. 166. A suitable choice of the constants 
. b will make this hyperbola agree very well with the actual 
etization curve within the working range of the machine, 



r«-6- 




Fio. 166. — Empirical form of magDetixation curve. 

it cannot be made to follow the irregularities in the actual 
ve at low magnetizations, and it does not take account of 
idual magnetism. 

\l both numerator and denominator of (13) are multipUed by 
(the number of field turns per pair of poles), it becomes 

jp _ €in X amp ere-turn s per pa ir of poles 
bn, + ampere-turns per pair of poles 

hich can also be written 



E = 



An X ampe re-turns per pole 
B + ampere-turns per pole 



nder load conditions, the number of ampere-turns per pole (or 
^^ pair of poles) to be substituted in the above equation is the 
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net number obtained by subtracting the armature demagnetizing 
ampere-turns from the number of ampere-turns supplied by the 
field winding. 

Using Froelich's equation in the form of equation (13), and 
ignoring armcUure reaction, we have the following relations (see 
equations 8, 9, 11): 

£=«^l = F + iara 
0+t, 

ia = i + in 

V 

t. = - 

r. 



whence 



V = 



an V 

br.+ V 



- (•■ + a 



(14) 




Fig. 167. — Idealized external characteristic surface of shunt generator. 

Solving for V", and simplifying by assuming that To is small 
compared with r^ (i.e., Va + r^ ^ r,) there is obtained 



an — hr„ — ir,, 
'■ = 2 " " ± 



^r^ 



— br, — ira 



J - *>ar.l 



ati — br^ — ira 
2 



4- 



i2\'[^/'/ - (Vir., - Vbr^'] [an - {Vira + Vbr.y] (15) 
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This is an equation of the second degree between the three varia- 
bles V, i and n, hence it represents a surface (Fig. 167) plane 
sections of. which are conies or straight Unes. Moreover, the 
surface is 83anmetrical with respect to the plane 

V = ^-_^i^^ (16) 

which is shown in the figure as ABC. 

If in the general equation of the surface, (15), there is substi- 
tuted i = 0, it is seen that 

y^an-\yr. and F = 0; (17) 

the first of these two equations represents open-circuit conditions, 

the second, short-circuit conditions. From the former it appears 

hr 

that F = when n = — ^ = OB, hence OB is the critical speed 

a 

below which the machine would fail to build up if residual mag- 
netism were not present. 

Inserting in the general equation for F the condition n = 
constant, there will result the equation of the external character- 
istic corresponding to the chosen value of speed. It is obvious 
that there are two values of the current {%) which will reduce the 
radical to zero, hence the characteristic intersects the plane ABC 

in two points; one of these values of current is *— 

the other is -*-. Between these values of current 

r« 

the radical becomes imaginary, hence the theoretical external 
characteristics are hyperbolas. 

Example. — ^A 4-pole, 120-volt shunt generator, rated at 25 kw. 
at 900- r.p.m. has a magnetization curve represented by the 
equation 

V — 1 80 X amp .-turns per pole 
. 2000 + amp.-turns per pole 

The field winding has 800 turns per pole, and a hot resistance, not 
including the field rheostat, of 20 ohms. The armature has a 
simplex wave winding of 194 face conductors, one turn per 
element, and the armature resistance is 0.0245 ohm. The angle 
of brush lead is equivalent to 2 segments of the commutator. 
If the field rheostat is adjusted to give an open-circuit voltage 
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of 125 volts, what will be the terminal voltage when the machine 

is delivering full load current? 

Solution, — The field ampere-turns at no load can be found from . 

the relation 

^- _ 1 80 X amp.-tums per pole 

"" 2000 + amp.-tums per pole 
whence 

field amp.-tums per pole at no load = 4550 

shunt field current at no load = -j™- = 5.7 amp. 

125 

shunt field resistance (total) = v ^ = 22 ohms 

resistance in field rheostat = 22 — 20 = 2 ohms. 
Again, 

full load current = i = - -• ^tt = 208 amp. 

194 
no. of commutator segments = >S = -y = 97 

a = 2 X ^ = 7.43 deg. 

1 1 oiZi 7.43 X 194 /_ F\ 

demag. dmp.-turns per pole = ^^ = "350 xT~ \^^ + 22/ 

V 

drop in armature = ioTa = (208 -f- ^o) ^ 0.0245 = 5.1 (nearly) 
generated e.m.f. = F -f- 5.1 

180(800^2 "^^^"il) 

.'.7 + 5.1 = y y 

2000 + 800 ^2- 416 - Yi 

whence 

V = 120.4 volts or 20.6 volts. 

The larger value of V is the full load voltage, the smaller 
value that which corresponds to a line current of 208 amperes 
after passing around tlio n^vorse bend in the external character- 
istic. 

118. Characteristic Curve of the Compound Generator. — Long 
Shunt Connection, — The drop in terminal voltage between no load 
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i full load inlinrort in a shunt ecnprtitor ran bo compcnsftted, 
ially or wholly, or even overcomjJcnsaU'd, by the addition of. 
Vft aeries field winding excited by the armature current. As has 
■ been previously pointed out, the object of over-compounding 
lis to keep the line voltage constant at a distant point, at or near 
Itbe center of distribution of the load, the increase in the voltage 
I it the generator terminals being consumed by the resistance of 
llhe line. In a general way the compound-wound generator 
I (Fig. 168) may be considered as combining the rising charactei^ 
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iatic of the series generator with the drooping characteristic of 
the shunt generator, the slope of the resulting curve depending 
upon the relative slopes of the components. 

Starting as before with the magnetization curve, O'M, Fig. 
169, the external characteristic can be constructed in a simple 
manner as follows: 

Let ON be the shunt field resistance line, its equation being 



;f («.'.); 



(18) 



the intersection of this line with the magnetization curve deter- 
mines a point L whose ordinate is (very nearly) the terminal 
voltage at no-load. Assuming that we are dealing with an over- 
compounded machine, let FiGi = AP be the terminal voltage 
corresponding to a value of i, = OA (the latter being supposed 
to be known). The field excitation due to the shunt turns will 
then be given by OFi, and the total field excitation will be OFst 
where FiFt = nfia is the excitation supplied by the series turns. 
The net excitation, or OF, will be less than this by an amount 

FFx — leJvT — demagnetizing ampere-turns per pair of poles, 
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hence the c.m.f. actually generated in the armature is WJ. Tbt 
difference between FG and FiOi, or GH, must, therefore, be 
drop in the armature and series field, or iair, +''/). Summa 
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It follows, therefore, that all three aides of the triangle GffiCt 
are proportional to ia, hence their ratios remain fixed no matter 
what the value of !„ may be, and the angles at the vertices of the 
triangle ure also constant. In particular, the slope of the aide 
GGi is constant, and its length is proportional to !„. It follows, 
therefore, if it is desire<t to find a point P' on the characteristic 
curve corresponding to any other current OA', it is only neeeesary 
to fit a line ("(I'l between curve M and the line ON, in such man- 
ner that G'G'i is parallel to GGi and so that the ratio of their 
lengths shall be equal to the ratio of OA' to OA. This si^gests 
the following fonst ruction: 

Through the point draw GJ parallel to OA'', J being on the 
axis of ordiiiiiles (prolonged downward); and join J with A- 
Draw A'J' parallel to AJ, draw J'G' parallel to JG until it inter- 
sects cur\-e M in C, and through G' draw G'G'\, parallel toGGi, 
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rbe point G\ being on the line ON. Draw G\P' horizontally 

liTitil it intersects ordinate j4'/" in the point P', then the latter is 

> P<iint on the curve showing the relation between V and ia- 

If it IB desired to show the relation between V and i, it is necee- 

> to subtract the value of i, from each corresponding value of 

To this end draw the line OX at an angle i^ with the hori- 

iiicital, so that tan ^ = r, to the scale of the drawing. Then PX 

and P'X' are the values of i corresponding to in equal to OA and 

OA', respectively. 

It will be observed that this method preaupposea a knowledge 

of the coordinates of at least one point on the characteristic. The 

chief value of the construction lies in the clearness with which it 

shows the intimate relation between the magnetization curve 

and the external characteristic. Thus, it becomes evident from 

the diagram that the external characteristic will approach a 

liaear form more and more nearly as the magnetization curve 

flattens out (that is, when the figure LO/t appi'oaches triangular 

shape). If the point L is so placed that it is below the knee of the 

I curve, the external characteristic will become more and more 

I (onvex (from above), the curvature being considerable for small 

I values of the load and less pronounced as the load increases, 

1 Considerations of this kind l)ecome important when the specifi- 

I cations of a machine call for a compounding that shall not depart 

Itrom a linear relationship by more than a limited amount, 

I A study of Fig. 169 shows that a reduction in the number of 

es turns will shorten GxGt and will make the characteristic more 

iriy horizontal. If it is desired to make the terminal voltage 

■fullJoad equal to that at no4oad, that is to say, to make the 

iiine flat-compounded, GGiGt (assumed to correspond to full 

id conditions) will degenerate to Lgg^, where g^gk = G/IH. It 

■ dear from the construction that the characteristic of a flat- 

I ranpounded generator, like that of an over-compounded gener- 

I ttw, cannot be exactly a straight line because of the curvature of 

R magnetization curve. 

I Short-ikunl Connexion. — In this caj^e the current through the 

» winding is i = ia — i„ hence the construction of Fig. 169 is 

ft strictly applicable. But at or near full load the difference 

t and j'n will be relatively small, especially in large 

•cbines, so that the above method will give a very close 

rosimation to correct results. - . .. 
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Application of Compound GenercUors. — The compound genen 
tor is used more than any other type of direct-current generaM 
for the reason that its characteristics adapt it to all classes of sen 
ice that require constant voltage at the point of applicalion ( 
the load. The rise of voltage from no load to full load can t 
made to have any desired value, from zero up to any reasonal 
limit, so that the drop of potential in the transmission circuital 
be compensated. Compound generators are used for supplyin 
current to incandescent lamps, and for heavy power servia 
such as electric railways, and in general for motor drives requinB 
direct-current supply at constant voltage. 

119. Tbe Series Shunt. — In practice it is quite common I 
design the series field windings of compound generators with 
sufficient number of turns to produce the maximum per cent, a , 
compounding that may reasonably be specified. If a lesser depa 
of compounding is required, the magnetizing effect of the 
winding js.then reduced by connecting a shunt across the t» i 
minals of the aeries winding, as indicated in Fig, 168. This shutf 
is made of German-silver strip, and serves to by-pass a porticn* 
of the main current. Tbe total current will divide betnert' 
the series winding and its shunt in the inverse ratio of tlifif 
resistances. 

120. Connection of Generators for Combined Output. — When 
the load on a circuit exceeds the capacity of a single pen era tor, on" 
or more additional units must be connected to supply the ejccess. 
Thus, in a constant-current system in which the voltage variei 
in proportion to the load, additional generators must be cor»- 
nected in series when the voltage limits of the machine or ma- 
chines already in service have been reached. Similarly, in con- 
stant-potential systems, additional generators must be put i* 
parallel with those already in service when the safe current- 
carrying capacity of the latter has been reached. 

121. The Thury System.' — The series system, in which series- 
wound generators, regulated to give constant current, are con- 
nected in series, has thus far found no application in the UnibnJ 
States, save in those now obsolete plants in which constant-cur- 
rent motors were supplied from high voltage arc circuits. Bui i»i 
Europe this ay-stem has been developed to a high state of pcrfir- 

■ Soe iklau Cliap. VII. 
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through the work of M. Thury, who has installed a nunibcr of 
wits operating on this principle, most of them in Switzerland, 
jngary and Russia.' 

In the Thurj- system the series-wound gwierators are driven at 
nstant spped and the current is kept constant by a regulating 
^'ice which shifts the brushes {though it may be arranged to 
iry the speed). The regulating device ia actuated by a aole- 
jid through which the main line current flows. A aufhcienl 
limber of generators are connected in aeries to develop the vol- 
ige required by the load. The load consists of series motors, 
Iso connected in series, which in turn drive generators {generally 
Itcnators) fur the supply of 
urrent at the receiving or dis- 
rihuting end of the line. In 
ither words, the system is 
generally used for the trans- 
mission of power over consider- 
able distances, as distinguished 
liom merely local distribution. 
The individual generators are 
pouped in pairs, each pair 
being driven by a water wheel 
(ur other prime mover). In 
plants now operating, the 
loaxinmm voltage per com- l 
mutator is about 3600 volts, 
though it is possible to design machines of this type to give 5000 
voits at 500 amperes, or 5000 kw. per pair of generators. The 
maximuni line voltage in use at the Moutiers-Lyon plant is 
57,C00 volts, though a new installation projected for transmission 
from Trollhiitten (Sweden) to Copenhagen — a distance of 200 
miles — contemplates the use of a line voltage of 90,000 volts.* 

The starling and stopping of the generators in the Thury sys- 
lem is very simple. Each generator is equipped with an am- 
meter, a voltmeter, and a switch, as in Fig. 170, the switch being 
Lged that when it is in the "off' position the generator 

fJour. Inslilution of Electrical EnginPere, Vi>l. XXXVIII, p, 471. 
Mtncal World, Vol. LXHI, No. U, p. nm (1914). 
Mtrical World, Vol. LXI, p. 294, 1913. 
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is short-circuited, and when in the "on," or running poeitioo, 
tho machine is in series with the line. To start the onachine, 
i\w switch being in the off position, the prime mover is brought 
up to normal speed, and the switch thrown to the running posi- 
1 ion when the ammeter reads normal current. To shut down the 
machine this process is reversed. 

Since all of the machines are in series when under load, the 
p()l(»ntial of the circuit rises from generator to generator, hence 
ihv machines must be carefully insulated from earth to prevent 
in^akdown of the insulation. 
122. Parallel Operation of Generators. — 
(a) Series (Henerators, — Scries generators connected in paralld 
as in Fig. 171 will not operate satisfactorily, for the reason that 

if one of them suffers a momen- 
tary reduction of its output (as 
from a momentary drop in 
speed) » both its voltage and 
_ current will be reduced, as may 

Equallirr J\ i 

be seen from the form of the ' 
" Kuidt "^^ characteristic. Fig. 157. The 

other machine will then assume 
— ^ the part of the load dropped by 

I"'nj. 171. Scries nonoriitors in .. _. j 'j. a -J 

j,.^r,iiiei it« mate and its current and 

voltage will accordingly rise; the 
in('ivjis(Ml voltage will cause d further increase of current, hence 
an additional increment of load is thrown on the second machine 
and the load, current and voltage of the first will be still further 
reduced. This process will tend to continue until the first machine 
is (lriv(»n as a motor by the second machine; moreover, the di' 
rection of rotation of the former will reverse when it becomes ^ 
motor, so that the connecting rod of its driving engine will ten^ 
to })uckl(». Series gcMierators connected in parallel are, therefore^ 
in unsttible e(iuilii)rium, there being no inherent tendency to 
bring about a proper division of the load between the two unit^ 
under consideration. This is a conse<}uence of the rising form 
of i\w external characteristic of the series generator. 

Th(» natural instability of series generators in parallel can be 
overcome by the equalizing connection shown in Fig. 171 as a 
dashed line. The effect of this connection is to put the series 



OrSRATINQ CHARACTERISTICS OF GENERATORS 225 



^windings in parallel with each other. If then one machine 

mes more than its proper proportion of the total load, the 

B8 current will divide between the two field windings, thereby 

Ag the excitation and voltage of the machine which has 

Qentarily dropped its load, hence automatically readjusting 

division of the load. 

b) Shunt Generators. — The drooping form of the external 

racteristic of the shunt " ^ 

■^ I + * 



mmQ) 



T 



o™^ 



Fio. 172. — Shunt generators in 
parallel. 



lerator shows that if such 

[lachine drops its load, its 

tage will automatically rise. 

Dsequently if two shunt 

[lerators are connected in 

rallel, as in Fig. 172, their 

loation will be stable. Any tendency which causes one 

adiine to lose its proper share of current, thereby shifting an 

4ual amoimt of current to the other, will result in a rise of vol- 

ige of the first machine and a drop in the voltage of the second. 

[he original conditions will be restored, assuming that the prime 

movers are properly governed. 




BO A 

Fio. 173. — Diviaion of load between shunt generators in parallel. 

It is, of course, not necessary that the two (or more) genera- 
tors thus connected in parallel should have the same ratings. 
But it is essential to good operation that the machines should 
divide the total load, whatever that may happen to be, in pro- 
portion to their ratings. Suppose, for instance, that two shunt 
generators that are to be connected in parallel have external char- 
Mteristics as shown in Fig. 173, curve (a) representing the charac- 
teristic of one machine, curve (6) that of the other. In this 

15 
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figure ordinates are plotte<l in volts and abscissas in per cent, of 
full-load current. Since the machines are in parallel, their ter- 
minal voltages must necessarily be equal, hence if the load isRUch 
that ihv terminal voltage is 0C\ maciliinc (a) will deliver OA per 
c(»nt. of its rated current and machine (6) OB per cent. The 
condition to he satisfied is that OA = OB at all loads, thereforeit 
follows that if the load is to divide at all times in proportion to the 
ratings, the characteristics when plotted in per cent, of full-load 
current, must be identical. 

(c) Compound Generators, — Inasmuch as the compound gen- 
erator partakes of the characteristics of both shunt and series 
g(»ruTators, two or more of them, if over-compounded, will operate 
sat isfactorily in parallel only when the series fields are provided 

with the same equalizer coIlDe^ 
tion shown in Fig. 171. This 
is a consequence of the rising 
characteristic. But if the ma- 
chines have drooping character- 
istics, that is, if they are undep 
compounded, the equalizer is 
not necessary. The diagram- 
matic scheme of connections of 
two compound generators in 
parallel is shown in Fig. 174. 
It is clejir tli!it if amnu^ters were connected as at A\ they wouKl 
not iii(iicat(i the true current actuall}' delivered by the machines 
to tli<^ external circuit, for the readings would be affected by the 
('(lualizing current. Thus, a heavily loaded generator might be 
supplying an equalizing current of large magnitude to the other 
lightly loaded machines and at the same time t\e ammeter of the 
loaded machine would read low while that of the other machines 
would read high. For this reason the individual ammeters must 
be placed as at -4, th^^t is, in the lead that connects to the onu*' 
tun* on the side opjumtc to the equalizing connection. For tb? 
saiu(» reason, if single-pole circuit-breakers are used, they shouW 
he placed in the same lead as the anmieters; thus, if two machine^ 
in parallel are each delivering full-load current and one of theti^ 
should develop a momentary' drop in speed, the heavy equalizinf 
current might open its circuit-breaker, if incorrectly placed, witt 



I'l 



171. 



('i)iiipoiiiul 
piirnllrl. 
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lie result that the entire load would be thrown on the other 
ubchine and so open its circuit-breaker also. 

The complete switch-board connections of two compound 
enerators are shown in Fig. 175. The main switch and the equal- 
ler switch are usually combined in a triple-pole switch. 

The process of paralleling a compound generator with one or 
lore that are already running is a9 follows: The main switch 
f the incotuii^ machine being open and its circuit-breaker closed, 
be prime mover is brought up to speed and the voltage of the 
icotning machine adjusted to equality with the bus-bar voltage 




I. compound generatorB 



by manipulation of the shunt-field rheostat; the main switch is 
doeed, and proper division of the load is then secured, if ncces- 
ttry, by further adjustment of the field rheostat. To shut down 
I machine running in parallel with others, its load is shifted to the 
others by weakening its shunt-field current, and the main switch 
it opened when the ammeter indicates a small, or zero, current. 
If two compound generators arc to divide the lotid in 
proportion to their ratinKs, their characteristics must obviously 
be identical In the manner explained in connection wit)) sJmnt 
machines. Moreover, since the series fields are in parallel by 
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virtue of the equalizer connection, the resistances of the series 
windings including the resistances of the respective equaliiing 
leads, must be inversely proportional to the rated currents of tie 
two machines. Neglect of this feature will result in a dispropor- 
tionate division of load. For example, if 
the machines are at unequal distances from 
the switch-board, the resistance of the 
series field of the more remote machine 
will be unduly high because of the longer 
equalizing connection, and this machine 
f ) (Mf!\ ^'^''' therefore, not take its full share of the 

^^ load. 

The series field of a compound generator 
may be connected to either the positive or 
the negative terminal of the armature. 
In street-railway generators built by one 
Fio. 176.— Diagriimof wcll-known Company the series field is 
connections of railway connected ou the negative, or grounded 

generator supplyuiK . °. ' /^ • * ♦^ 

grounded circuit. Side; m this caso it IS uot Sufficient to 

use one single-pole circuit-breaker (A) 
on the positive* or feeder terminal, but another circuit- 
breaker (B) must be put in the lead to the grounded bus, as shown 
in Fig. 17G. For if circuit-breaker B were not present and the 
armature winding were to become grounded to the core, the short- 
circuit current through the armature and series field would hold 
up tlie (excitation and maintain the short-circuit without the pos- 
sibility of protection by circuit-breaker A. 

123. Three-wire Generators. — Economy in the use of copper 
in distributing circuits for lighting and power dictates the selec- 
tion of high voltage and moderate current, rather than low vol- 
tage and large current; but in incandescent lighting, lamps de- 
signed for 110 to Ho vults are more efficient than those operating 
at higher voltages. To get the benefit of the high eflfieiency 11(>- 
1 15-volt lamp and at the same time to obtain the copper economy 
of higher voltage, the tlinuvwire system of distribution diagram- 
matically illustrated in Fig. 177 is extensively used. The in- 
dividual lamps, small motors and other translating devices are 
connected between tlie out(T wires and the middle or neutral 
wire, and larger motors, designed to operate on the higher voltage 
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the system, are cotmected between the outer wires. In the 
1y forms of three-wire systems, the splitting of the moderately 
^ voltage between the outer wires was accomplished by using 
o generators in aeries (Fig. 177), the neutral being tapped into 
eir common junction. 

A later arrangement, shown in Fig. 178, consisted of a main 
ro-wire generator wound for the voltage between the otit- 
ic wices, with a balancer set connected across the outside 
ires. If the load on the two sides of the system, that is, be- 
reen Deutral and outer wires, were exactly balanced, no cur- 
iDt would flow in the neutral, and the neutral might then be 
nitted; this is sometimes done in 220-volt systems, the lamps 




Fro. 177. — Three- wiw system. 



icing connected in series in pairs and connected across the main 
rires. But if the load is not exactly balanced, the neutral will 
any a current equal to the difiFerence between the currents sup- 
)lied to the two sides of the system. The attempt is always made 
o balance the system as completely as possible, but provision is 
uu&lly made for an unbalancing of about 10 per cent., that is, 
10 per cent, of full-load current in the neutral wire. When a 
■ystem employing a balancer set becomes unbalanced, the vol- 
tage on the more lightly loaded side tends to be higher than on the 
more heavily loaded side; in this caae, the machine on the side 
having the lighter load operates as a motor and drives the other as 
^generator; the latter then suppUes current for the excess load on 
its side of the system, and thus automatically tends to balance the 
«ystem. ., With perfect balance of load both machines of the bal- 
wicer 8et operate as motors running without load. 

Systems of the kind shown in Figs, 177 and 178 are open to the 
ubjectioo that they involve the use of more than one piece of 
^utming machinery and so require extra attendance and main- 
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[ 



tejiaiicc, in addition to bt;ing higher in first cost and lower il 
efficiencv than a single machine of the same capacity, 
objections are overcome by a system originally devised by I 
browolsky, and shown diagrammatically in Fig. 179. A coQd 
wire, CED, wound on an iron core, is tapped into the main a 
ture winding of the generator at the points C and D, 180 eW 
trical degrees apart, that is, points that occupy homologous p 




tiona with respect to polos of opposite polarity. The difTerenra 
of potential between C and D is alternating, so that the toil it 
traversed by an alternating current which goes through one 
cycle (two alternations) per revolution per pair of poles; this al- 
ternating current is small because of the large self-inductance ihn* 
to the iron core on which the coil is wound. The middle poinl 
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Flo, 179. — Thrpe-wiro genera tor with core mounted inside armnture curs. 
of the coil, E, will have a potential midway between the poten- 
tials of C and D, and therefore also midway between the poten- 
tials of the brushes A and B, since the potentials of C and D are 
always symmetrically related to those of A and B, respectively. 
A tap brought out from the point E may then be used as the neu- 
tral wire of a three-wire system.' In machines of this kind built 
by the General Electric Company, the coil CD is wound on a core 
that is mounted inside the armature core, and the connection 
from the middle point B to the outside circuit is made through 
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igle slip-ring mouated on the main shaft of the generator. 
Burke Electric Company builds a three-wire generator in 
h the coil CD is wound in the same slots that cany the main 
iture winding, in the manner indicated in Fig. 180. 
le balance coil CD may also be placed outside of the genera- 




connection to the armature winding being made in that case 
lugh two slip-rings; or two balance coils, connected to the 
lature winding as in Fig. 181, may be used. The alternatins 
lages between the points C, D and C, D' are 90 electrical 
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degrees apart, that is, one of them is a maximum when the other 
is zero, and vice versa. Fig. 182 shows the connections when two 
balance coils, mounted externally to the generator, are used; 
this is the standard construction used by the Westinghouse 
• Electric and Manufacturing Company. 

If three-wire generators are to be compounded, the series fidd 
winding must be in two equal parts, half of the turns being in 
series with one of the outer wires, the other half in series with 
the other outer wire, as in Fig. 183. If two or more three-wire 
generators are to be operated in parallel, two equalizer conDe^ 
tions must be used, hence the main switch of a three-wire | 
generator is usually constructed with four blades. 
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Fi<;. is;?. — Diagram of connections of compound three-wire generators i^ 

parallel. 

124. Tirrill Regulator. — It has been shown in preceding ai"' 
tides how tht^ voltage of shunt and compound generators may ^^ 
regulated (»ith(T by manual adjustment of the rheostat in tbc 
sliunt field circuit or by the autonuitic compounding effect of the 
series field winding. In lighting circuit.s where steady voltage 
i.*^ of the gr('at(»st importance, accurate and automatic regulation 
(»f voltage may be obtainc^d by the use of the Tirrill regulator; 
this device makes it possibh* to maintain a steady voltage at tb<- 
generator tenninals irrespective of changes in the load or of 
fluctuations uf speed, and also to compensate for line drop by i^' 
creasing the generator voltage as the load increases. 
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regulator maintains the desireii voltage by rapidly open- 
fltid closing a shunt circuit connected across the tcrniinals of 
exciter field rheostat. The field rheostat is so adjusted that 
H the regulator is disconnected the generator voltage is about 
ter cent, below normal; on closing the regulator circuit the 
■tat is short-circuited and the generator voltage rises. When 
f'Toltage reaches a predetermined value, the short-circuit 
iknd the rheostat is opened and the voltage again falls. The 
hing and closing of the short-circuit around the rheostat is 
mtid that the voltage does not actually follow the changes of 
I field circuit resistance, but merely tends to do so, with the 
Ult that incipient changes of voltage are immediately checked, 
in elementary diagram of connections of the regulator ib 
wa in Fig, 184. The opening and closing of the by-pass 
tud the exciter rheostat is accomplished by means of contacts 
tlie armature of a differentially wound relay magnet of V 




i 



184.— DiagiBm of 



of Tirrill regulat 



}ft One winding of the relay magnet is connected directly 
Isthe main bus-bars, hi series with a current-limiting resistor; 
rother winding is also connected across the bus-bars, but 
ough a pair of main contacts actuated by the main control 
piet. The latter is wound with a potential coil connected 
ictly across the bus-bars, and a current coil {which may or 
r-pot be used) whose magnetizing action opposes that of the 
btial coil. 

koperation of the regulator is as follows: If the generator 
we falls, the current through the potential coil of the main 
|o1 magnet is weakened and the spring closes the main con- 
L Current then flows through both windings of the relay 
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[imKiti^t (vhirh U then demagnetized and the spring cloan 
Iny contacts, thereby ahort-i'ireuiting the field rheostat. 
voIlaKc rinoH the armature of the main control magnet ii 
|)iilIod down, tlic main contacts are opened, and the relay i 
in ftKain enerKized, thus again inaerting the rheostat in ti 
ciniiiit. If th« current coil of the main control magoet ia 
itH differential action will cause the voltage to rise bi^er 
the main contaiaH are opened than would otherwise be the 
thus KivinK a compounding action. The degree of compotn 



iiiiiio 




may bo varied by means of the sliding contact on the 
Rating nhiint with which the current coil is in parallel. 
condenHcr shown in the 6gure is for the purpose of re 
B|mrking at the relay contacts. A perspective view of a 
regulator built by the General Klectric Company is afai 
FiK. 18.^. 

When several compound generators of moderate capaei 
worked in parallel, a Kimple regulator may Iw connected 
of ibem and the othen! allowed to "trail." The go 
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rovidcd with the regulator will take Ihe fluctuations in load, and 

18 load on the others will be equalized through the compound 

indings. Regulators are'also built for controlling the voltages 

p two or more generators operating in parallel ; instead of using a 

Bgle relay magnet, from two to ten are employed, part of them 

irv'ing to short-circuit sections of the 6eld rheostat of one gen- 

Wor, the others performing a like function for the other ma- 

_ Regulators of this kind are suitable for two-wire or 

three-wire generators with shunt or compound windings, and will 

compensate for line drops up to 15 per cent. 

In the case of very large machines, it is advisable to use sepa- 

I ttt* excitation and to connect the regulators so that they act 

^Upon the exciter fields. Of course, in such a case the main control 

toacnet would be actuated by the main bus-bar voltage and line 

"uTcnt. 

PROBLEMS 

. A Ift-pole, 220-voIt generator rated at 400 kw. at 200 r.p.m. has a 
paeluBtioD curve repreBentetJ by 

„ _ 540 X atiip.-tumB per pole 
15,400 + amp.-lurnB per pole 

** armature has a simplex lap winding of 800 conductors, each element 

^•ving one turn, and the brushes are advanced two coramulator segments 

Vond the geometrical neutral axis. The armature resistance is 0.003 

The shunt field winding has 680 turns per pole, and the resistance oF 

ntirc shunt circuit, not including the regulating rheoHlat, is lO.I ohms. 

. W the field circuit is separately excited from 250'Volt mains, how much 

Utiuice must be placed in aeries with the field winding to develop an 

Mi-rircuit voltage of 250 volts at a speed of 230 r.p.m, 7 

!■ The machine of Problem 1 is operated as a separately excited generator 

_ H 20(1 rp.m, and with a field exfifalion sufficient to develop an open-circuit 

Vfiltsge of 250 volts, (a) What will be tlio terminal voltage when it is 

•l^livering 20O0 amp. to the load? (b) If the excitation is now adjusted 

^Ul tlie terminal voltage is 250 volts, the external circuit remaining un- 

'^twnged tn eiTective resistance, what will be the terminal voltage on opening 

'he load circuit? 

1. Tlie separately excited generator of Problem 1 is run at a speed of 210 
"■p.m. Find the field current refjuired to produce a terminal voltage of 230 
■■>lte when the armature current is (a) zero; (6) 1000 amp.; (r) 2000 amp. 
''lilt B curve showing the relation between field current and armature 

*. A series generator has a resistance of 0.35 ohm and the 
I ddtugnetixing amp. -turns per pole at full load amount to 5 per 
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thft fiolrl amp.-tums per pole. The magnetization curve of the machine 
may bo expressed by Froelich's equation, such that at a speed of 1170 r.p.m. 
an exciting current of 22 amp. develops an e.m.f. of 84 volts, while sd 
exciting current of 1 1 amp. develops an e.m.f. of 56 volts. Find the termiiul 
voltage when the machine is operated as a series generator at 1200 r.p.m. 
and is delivering a current of 20 amp. 

6. The machine of Problem 1 is operated as a shunt generator at a speed 
of 2(M) r.p.m. and with a field resistance such that it gives an open-circuit 
voltage of 230 volts. Find its terminal voltage when the armature carries 
tho rated full-load current of the machine. 

6. The machine of Problem 1 is provided with a series field winding haviog 
2}i turns per pole, the total resistance of the entire series winding beins 
0.(X)1 ohm. A shunt around the series winding reduces the series field 
rurn*nt to 1 100 amp. at full load. If the connections are such that the 
nmchine is a long-shunt compound generator, and the open-circuit voltage 
iM 220 volts, what will be the terminal voltage when the rated full-load 
(Mirnnit of the machine flows through the armature? What is the re- 
NiMtanro of the series shunt? 

■f- 7. Two over-compounded generators, rated at 75 kw. and 150 kWn 
roHpcctivf^Iy, are adjusted until each has its rated open-circuit volta^ of 
220 v()ltj<. The smaller machine has a 4 per cent, voltage regulation, while 
tliat of the larger is 2^i per cent. The relation between terminal voltage 
and output is linear in both machines. If the machines are connected in 
parallel and the load amounts to 200 kw., what is the bus-bar voltagi and 
how luurh load is carried by each machine? ^ 

8. .\ (Wpolo Armature has a simplex lap winding, not provided with equal- 
ixiiiK romioctions. The meattured resistance of the armature is 0.005 ohro. 
I)u<» to irn»guliir setting of the pole pieces and a slightly eccentric adjustment 
of t!u» hoarings, the e.m.fs. generated in the six armature circuits are, 
rosp(Ttiv(»ly, 220, 220.3, 220.7, 221.1, 220.5 and 220.2 volts. If the arm*- 
turr is (lelivcriiig a current of 500 amperes to the load, what is the termini 
vol taut* and how much current flows in each armature circuit? 



CHAPTER VII 

MOTORS 

126. Service Requirements. — In the industrial application of 
ht motor drive, there are three principal classes of service, char- 
icterized by constant speed, adjiLsiable speed, and variable speed, 
C!oDstant-speed motors, of which the shunt motor is an example, 
mamtain an approximately constant speed at all loads when 
supplied from constant potential mains, and are used for such 
purposes as driving line shafting, fans, etc. In the case of 
adjustable speed motors, the speed can be fixed at any one of a 
large number of values between a minimum and maximum value, 
and when so set will remain substantially constant for all loads 
within the limits of the machine's capacity, the impressed voltage 
remaining constant throughout; motors of this kind are used, for 
example, in individual drives for machine tools. Variablenspeed 
motors include those types in which the speed is inherently 
variable, changing as the load changes, with constant impressed 
voltage; examples of this class are the series motor and the cumu- 
lative compound-wound motor; their speed characteristics 
nwke them especially suitable for that class of service in which it 
is desirable to reduce* the speed as the load increases, as in street 
railway and in hoisting service. 

Intelligent operation of motors involves a knowledge of the 
relations between speed, torque (or turning moment), load (or 
output), and the electrical and magnetic quantities involved. 
These relations determine the operating or mechanical character- 
^*w, which will be discussed for the different types of m5>tors. 

126. Counter E.M.F., Torque and Power. — It has been shown 
^^ Chap. II that when a current is sent into the winding of an 
^nnature which is under the influence of a magnetic field the 
^^dividual conductors of the winding are subjected to a lateral 
thrust and that motion ensues. The immediate effect of this 
Daotion is to generate in the conductors an e.m.f . whose direction is 

237 
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opposite to that of the current. This counier-generaied <.«i^. 
is called the "back e.m.f." or the "counter e.m.f." ttadiiena^ 
tude is given by equation (7), Chap. II. 

The effective development of torque in the case of a motor it 
dependent upon a proper space relation between the field fluxBixl 
the armature current. If, for instance, the brushes are so set tint 
the axis of the armature current coincides with the axis of field 
flux, as in Fig. I86a, there is no resultant tendency to rotation; 
but if the axes of armature current and field flux are at rigbt 
angles to each other, as in Fig. 18&b, the torque will be a maii- 
nium for a given current in the winding. 




Counter E.M.F. — In the case of a separately excited or of > 
shunt motor, the voltage impressed upon the armature termiDW* 
nmst be coii-sumed in overcoming the back e.m.f. plus the ohm''^ | 
drop due to the resistance of the armature winding and the brueb 
contacts. 

.-. V .E. + i.r. (» 

where 

o60 X 10> 

In the sprirs and liing-Hhunt compound motor, there is an ad'**' 
tional drop due to thp rwietance of the spriea field winding, hen** 

K - £. + ,-.(r. + r,) (« 
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the case of the short-shunt compound motor the relation is 

V ^ Ea + iota + irs (3) 

general 






« is also seen that 



resistance of armature and circuits in series 
therewith 



^' " a 60"X lO* ^^^ 



»a = -7 (7) 



in equation which is of importance in connection with the 
starting of motors, as explained later. 

In equations (1), (2), (3), and (4), the term or terms represent- 
ing the ohmic drop in the armature and any part of the field 
winding in series with it are quite small in comparison with the 
impressed voltage, within the safe limits of load; for if they were 
not, the loss of power represented by the product of the drop of 
ix)tential and the current would injuriously lower the efficiency 
of the motor and would at the same time result in undue heating, 
thereby reducing the safe load of the motor. The ohmic drop 
in the armatm-e, expressed in per cent, of the impressed voltage, 
is smaller the larger the machine. It follows, therefore, that to 
a first degree of approximation the counter e,m,f, is jyraciically 
^^ and opposite to the impressed voltage. This is a fundamental 
principle of all types of motors, including alternating-current 
motors aftwell as direct-current motors. Since most motors oper- 
ate with constant impressed voltage, it follows that the counter 
e.m.f . is nearly constant within the working range for which the mo- 
tor is designed; but it will be observed that for a given design the 
counter e.m.f. is proportional to the product of the flux per pole 
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and the speed, hence if the flux is constant (or nearly bo) under 
running conditions, the speed of the motor will likewise be sub- 
stantially constant; on the other hand, if the flux is variable 
under running conditions the speed will also be variable in neatly 
inverse ratio. 

These conclusions should be compared with those readily de- 
ducible from the generator characteristics already discussed. 
Thus, in generators, the terminal voltage will be substantially 
constant if the flux is constant, provided the speed is held fixed, 
as in the case of separately excited, shunt and flat-compoimd 
machines; but where the flux varies, as in series generators, the 
terminal voltage also varies. It will be seen, therefore, that there 
is a reciprocal relation between generators and motors, voltage 
in the case of generators being the inverse of speed in motors. 

Torque and Power. — Multiplying equation (4) by t «, and trans- 
posing, there results 

Via - ta'r' = EJa (8) 

The term Via represents the power suppUed to the armature, 
and iaV is the power dissipated as heat in the ohmic resistance 
of the armature circuit. The difference between these two terms, 
or Eataj must therefore be the amount of mechaniccU power de- 
veloped by the armature. Not all of this developed power is 
available at the shaft or pulley, for some of it is lost in overcoming 
the friction of the bearings and brushes, windage (air resistance), 
and hysteresis and eddy currents in the armature core and pole 
faces. 

If P = total mechanical power, in watts, developed in the 

armature, 
T = torque in dyne-centimeters -f- 10^ 

.-. P = EJa = 2t^T watts (9) 

or 

^ _ 60 , . _ 60 p <^Zn . 

= 2^ ^'*^a dyne-cm. (lO) 
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irhere Z' has the meaning shown in equation (6). 
ITie above unit of torqufe is inconvenient for practical applica- 
bion; expressing torque in kilogram-meters, pound-feet, and 
pound-inches, respectively, 



60 10^ 

^ = ar >< 980 X ld» X-10* ^'*'- = 0-975Z'*'<.kg.-m. 

60 10^ 

^ 2x 980X 463.6"X 30.48 ^ *'" = 7 05Z'4>i. Ib.-ft. 

5 SiSZ'^a Ib.-in. 



(11) 



It is clear from these equations that the torque is dependent 
only upon the flux and the armature current, and is independent 
of speed. It is to be understood, of course, that the brushes are 
properly set, in such a way that the axis of commutation is 
perpendicular to the axis of the flux, otherwise the above equa- 
tions ivill not hold true. 

The four equations numbered (4), (5), ,(7), and (11), may be 
said to summarize in analytical form the physical facts involved 
in the operation of .any motor of the usual types. These facts 
may be stated as follows: 

Assume that the motor has been started in some suitable 
manner, and that it is running with only a small load, the source 
of supply being a circuit which maintains constant voltage at 
the motor terminals. Since the load, or mechanical output, is 
small by hypothesis, the electrical input need only be suflScient 
to supply the small power demanded by the load plus the losses 
in the motor itself; and since the losses must necessarily be only 
a small per cent, of the rated capacity of the motor, the input will 
be small under the conditions stated, and the armature ciurent 
will be correspondingly small. The current is kept small b}" 
reason of the fact that the counter e.m.f. developed by the rota- 
tion of the armature through the field flux opposes the impressed 
voltage. The speed of the motor, which with the flux determines 
the counter e.m.f., automatically adjusts itself to such a value 
that the difference between the impressed voltage and the 
counter e.m.f. permits the flow of just enough current (see equa- 
tion (7)) to develop the torque required to carry the load (see 
equation (11)). If now the mechanical load on the motor is 

16 
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incieascci, (he electrical power input to the motor must al^i 
increase, hence more current must be supplied from the \m\ 
but the current can increase only in case the counter c.ni.f. > 
decreased, and this demands a decrease of the product of Hn' 
and speed. If the motor is a constant flux machine, the ^[H' 
will therefore fall, a conclusion which seems entirely logical :■• 
mere result of the increased load; the speed will again becuiui 
constant at the lower value when the adjustment of the magni- 
tude of the counter e.m.f. permits the flow of just enough cur- 
rent to develop the increased torque required by the incrKL*eii 
load. The sequence of reactions in this case is very simila/ 
to what happens in a steam engine controlled by a fly-ball nr 
inertia governor; an increase of load momentarily checks ih 
speed, and the automatic response of the governor admits mure 
steam until a condition of equilibrium is again established. 

It is quite possible, however, to design a motor in such a mv 
that an increase of load brings about an increase of speed. A- 
was explained in the paragraph above, the increased mechanical 
load demands an increase in the amount of current supphed by 
the line, and this in turn requires a decrease in the counter e.m.f.; 
the latter can be decreased by decreasing the flux as well as bv 
lowering the speed, consequently if the flux is caused to be rif- 
creased in a porportion greater than the necessary decrease in 
counter e.m.f., the speed will actually increase as a result of the 
increased load. This is the case that arises in the differentially 
compound motor discussed more in detail in Art. 131. 

127. The Starting of Motors. — If amotor is called upon toslart 
a heavy load from rest, the starting torque may be as large as, or 
even larger than, the full-load running torque. If the flux a' 
starting has its normal fuU-Ioad value, the starting current, by 
equation (11), will then have to be equal to, or perhaps somewhat 
greater than, its full-load value. Other things equal, the starting 
current may be smaller the greater the fiux. But since £« =fl 
when the armature is stationary, it is clear from equation (7) thai 

y 
at the moment of starting i^ = ~t, and, therefore, that the normal 

small running re.sistance of the armature circuit (r^ or r^ + r,] 
must be increased during the starting period by the insertion o( 
a starting rheostat in order to limit the flow of current to a reason- 
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le value. Thus, a 10-h.p. 220-volt shunt motor would take 
i armature current of approximately 40 amperes when carrying 
B rated load, and would have an armature resistance of about 
& ohm. If the full voltage were impressed directly upon the 
nnature, the initial current would be 440 amperes, or more than 
en times normal full-load current. To limit the starting current 
o the full-load value, the resistance that must be put in series 
rith the armature should be 

-77. — 0.5 = 5 ohms 
40 

rhe resistance of the starting rheostat is usually so adjusted that 
fclie initial current is somewhat greater than that giving full-load 
torque. 

. Fig. 187a shows diagrammatically the connections of the start- 
ing rheostat in the case of a series motor, and Fig. 187b those of 
a shunt motor. It should be carefully noted that in Fig. 187& 
the rheostat is in series with the armature only, so the shunt field 



I 







Bk< 




(o) Series {l) Shunt Correct (^) Shunt Incorrect 

Fio. 187. — Connections of starting rheostatH. 



winding receives the full line voltage at all times, including the 
starting period. Fig. 187c shows an incorrect set of connections, 
ance here the shunt field current is seriously reduced at the 
•tart, thereby reducing the flux and also the torque, and, if the 
motor is unloaded, causing the speed to rise dangerously high. 

If an ordinary rheostat of the kind illustrated in Fig. 187 were 
used in conmiercial installations, there would be danger of burn- 
ing out the armature if, after an interruj^tion of the service and 
the consequent stopping of the motor, the voltage should again 
re applied to the supply line; for in that case the full line voltage 
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would be thrown directly across the low resistance of thll 
ture {or nrmature and aeries field), resulting in a veryj 
current. For this reason most motor starting rhemstats a| 
vided with a "no-voltage release" which automatioally M 
the starting lever of the rheostat to the starting position wH 
line voltage is removed; quite frequently there is also sjii 
load release," which opens the circuit and automatically J 
the starting resistance if the current becomes excessive flj| 
rea-son. The connections of such a rheostat are shown ij 
188, and Fig. 189 Uluslrates a starting rheostat of this typa. 
by the Ward Leonard Company. 




F(o. l&a. — DiaKram of coii- 
nec lions of start log rheOBtaC 
haxiOR no- volt age and uvcrload 



it is seen from ei|uat.ion (5) tliat if the flux * is reduce 
small value while the e.m.f. irapresaeij upon the art 
remains constant, the speed will rise tt» a dangerously high 
In bther words, the motor will " run away " and niay wreck 
This eontingency may arise in the caitc of a shunt motor 
field circuit ia opened, as by a broken wire or loose coniM 
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n = 



d in the series motor by an accidental short (circuiting of the 

rminals of the series winding. This behavior is due to the 

ndency of any motor to run at such a speed that the back e.m.f . 

aU be nearly equal to the impressed e.m.f., the lowering of the 

IX demanding an increased speed. 
128. Characteristics of the Separately Excited Motor. — 
(a) Speed Characteristics. — ^Let it be assumed that lx)th the 

npressed voltage, V, and the field exciting current are con- 

tant. It follows from the speed equation 

hat were it not for the demagnetizing action of the armature cur- 
■ent, the denominator of the fraction would be constant and the 
ipeed would decrease slightly and uniformly with increasing 
values of is, as in Fig. 190. This assumes that Va is constant; 
in other words, that the temperature of the armature is main- 
tuned at its normal running value. The separately excited 
motor with constant excitation is, therefore, inherently self- 

TQgidating as r^ards speed. Both equation (5) and Fig. 190 

. ■ V 

iaSeate that if i. = 0, n = ^^i* Actually, if 4 = 0, there is no 

taigiie and no rotation. When the motor is "running free" 
(Alt IB, unloaded), there is still some current through its arma- 
tm since sufficient power must be supplied by the line to over- 
eone internal losses due to windage, friction, hysteresis and eddy 
eonents. The minimum value 
of armature current is indicated 
by the point A in the figure. 

speed n = \^y, may be 



The 



*Z' 



JJaT. 



a'a 



I 






■called the ideal zero-load speed; 
it is the speed that would be 
reached if there were no losses, 
in which case also, Ea = V Fio 
and ia = 0. 

It is obvious that the speed may be varied through wide limits 
by varying either ^ or ]', or both of them. Thus, the si)eeil 
can be raised by reducing $ or by increasing W However, 
the possible range of speed due to the adjustment of the excita- 



190. — Approximate speocd char- 
acteristic of separately excited motor, j 
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tion is rather restricted^ unless special devices are used, because 
there are limits to the field strength above or below which there 
are serious commutation difficulties. Variation of V gives 
little or no trouble so far as commutation is concerned, provided 
the flux is originally adjusted to about its normal value unleflB, 
indeed, V is raised to too great an extent. The fact tbt 
the field excitation and the armatm-e impressed voltage are 
independently variable in the separately excited motor gives 
to this type its chief advantage. 




11/ 1/ 

P^iG. 191. — Construction of speed characteristic of separately excited motor. 

# 

(6) Effect of Armuture Reaction, — The form of the speed 
equation shows at a glance that the effect of armature reaction, 
since it reduces f>, will be to raise the speed, thereby partiftUy 
neutralizing the slowing-down effect of armature resistance ftO^ 
improving the speed regulation. The armature of a motor may 
therefore be designed magnetically more powerful than the anna" 
ture of an otherwise identical machine intended for use as a 
generator. 

The curve showing the relation between speed and armature 
current can be constructed in the following manner: 
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Let (yOf Fig. 191, be the magnetization curve of the machine, 
Bcissas (drawn downward from 0) representing ampere-turns 
r pair of poles (= n/i/) and ordinates (drawn to the left of 0) 
presenting values of ^Z'. Select any convenient scale of arma- 
ire current along OA, and a scale to represent the impressed 
dtage along OF. Assiune that the field excitation is constant 
id equal to OFo, and that the voltage impressed upon the arma- 
ire is likewise constant and equal to OE = V. 
Draw a straight line EC through the point E so that tan tp = 
m, to the scale of the figure; then for any value of ia, such as 
)A, the intercept on the ordinate at A between EC and EB will 
>e BC = taVa = ohmic drop in the armature. The back e.m.f. 
is then 

jBa = V - iara ^ AB - BC ^ AC 

Similarly, draw OD making an angle $ with OA, such that the 

aZi 

intercept AD, corresponding to OA = ia, is equal to \r^ = 

demagnetizing ampere-turns per pair of poles, to the scale 
previously adopted along OFq. 

If the armature were currentless {ia = 0) as in the ideal no- 
load condition, the value of *Z' would be FoG^o = OLq, and the 
ideal no-load speed is then 

V_ _0E 
^ ^Z' " OLo 

At any other load, as when ia = OA, the demagnetizing effect is 
pven by AD; joining D with Fo, and drawing AF parallel to DFq 
tte net excitation is reduced to OF and *Z' becomes FG =' OL; 
at the same time the back e.m.f. is AC = OM, hence the speed is 

- Z_" JoTa _ OM 

^ " ^~Z' " OL 

In this way values of speed can be computed for various values 
<^f io and the results plotted to obtain the desired curve, NqP, 
But the diagram lends itself readily to a complete graphical solu- 
tion, as follows: 

Select any convenient point Q on the ^Z' axis, and draw QNq 
parallel to LoS; then 

OE _ONo 
""^ " OLo " ~0Q 
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Simaarly, join L and M and draw QN parallel to Lit 

■ -9M. -9K 

■■^~ OL ~ OQ 
Since OQ is constant, it followa that Oitfo and ON are 
proportional to no and n, and may be made equal to i 
a Huitable choice of scale. Projecting N across to J 
being on the ordinate through A, P will be a point on 







pdralely i 



curve. In precisely the same manner, P' is a point co 
to i„ — 0,1', It is cleiir that the spopd curve cannol 
straight because of the curvature of the tnaf;nettzati( 
(c) The Torque Curve. — From equation (11), the t< 
T = 7.05 *Z'i„ pound-feet 
lleferring to Fig. 191, thin becomes 

T = TmVG.OA = IMTiOL.OA 
when u = OA. Thi« inuy l>c written 
T Of, 

OA ci>nsl:int 
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which equation suggests the following construction for the curve 
sho^iring the relation between the armature current and the torque: 
Tn Fig. 192 draw the axes of coordinates, the ^Z' curve, and 
the line OD just as in Fig. 191. Proceed as before to locate 
points O and L. Select any convenient constant length 0/2, 
dra\ir LtR, and then draw OP perpendicular to LR (using the semi- 
circle on OR as a construction line) until it intersects the ordinate 
through A in the point P, By construction 

AP ^OL ^ PL 
OA OB constant 

hence AP is proportional to the torque, or may be made equal to 
the torque by a suitable choice of the length OR, and P is then a 
point on the desired torque curve. The torque curve is slightly 
concave downward, but to all intents and purposes it is a straight 
line through the origin, since $ is almost constant for all values 
of ta within the working range. 
/ 129. Characteristics of the Shunt Motor. — 
y Speed and Torque Characteristics, — A plain shunt motor 
operated on constant potential mains, and having fixed field 
resistance, differs in no way from a separately excited machine 
^th constant impressed voltage and constant excitation. The 
determination of itd operating characteristics is, therefore, to be 
carried out in exactly the same manner as described in the pre- 
ceding article. 

The chief point of difference between the shunt and the separ 
rately excited motor is that in the former the field excitation 
and the impressed voltage are not independently variable, as in 
the latter. The possible range of speed variation is therefore 
less in the shunt motor than it is in the separately excited motor. 
An interesting and important fact in industrial applications 
of the shunt motor is that the speed rises perceptibly as the tem- 
perature of the motor is increased. This is due to the fact that 
the higher temperature of the field winding increases its resistance 
and so reduces the exciting current and the flux; at the same time 
the increased resistance of the armature winding tends to de- 
crease the speed, but the influence of the field preponderates. 
Shunt motors for industrial service are not provided with reguhit- 
ing field rheostats as in the case of generatoi-s, hence tho field 
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winding must be designed to have the proper reaiatance to pve 
the required speed at the operating temperature. Id machines 
of standard design, the difference between full-load speed, run- 
ning cold, and full-load speed running hot, may be 10 per cent, of 
the higher value. 
J 130. Characteristics of the Series Motor. — 

(a) Speed CharaclerisHc. — Inspection of the general equation 
for the speed 



L 



shows that the speed of the series motor must decrease quite 
rapidly with increasing load for the reason that * increases with 
increasing i,,. In other words, while the numerator of the frac- 
tion decreases, the denominator increases. Theoretically, it 
ia = 0, * = 0, hence at no load the speed would be infinid': 
practically, while the flux does not become zero because of residual 
magnetism, it still becomes so small that the speed reaches u 
dangerously high value, assuming that V remains constant. 
For this reason, a series motor must always be so installed as to 
be positively connected to its load, by gearing or direct connet- 
tion, never by belting, and the minimum load must be great 
enough to keep the speed within safe limits; such is the case, for 
instance, in railway motors, hoists, roUing mills, etc. 

Assuming that the motor is to be operated on constant poten- 
tial mains, its speed characteristic can be determined by a modi- 
fication of tlio methods described in the case of the separately 
excited motor, as follows: 

Let O'G, Fig. 193, be the curve which gives the relation betwec" 
*Z' and the exciting current (ia)- Let OE represent to seal* 
the constant impressed voltage, V , and draw EC so that tan ip =^ 
(ro + f"/). to the scale of the figure; then BC will represent to tb^ 
same scale the internal ohmic drop ( orresponding to ia = 0A< 
and AC will be the back e.m.f. Also, draw OD so that tan * 
^ .^ 1 
~ 180a n/ 

of poles; then AD will be the demagnetizing effect expre«.sed i " 
equivalent amperes instead of in ampere-turns per pair of jmlt^s^' 

When the armature current is t, = OA, the field excitation (*-*" 



where h/ ia the number of field turns per pa*'' 



rs f; 
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^eres) is OF = OA, the point F being found by drawing AF 
,n angle of 45 deg. with the horizontal. The demagnetizing 
ct is AD = FH, hence the net excitation is OH and the 
-esponding value of ^Z' is HK = OL, 

V 'ta( r a + rf) AC OM 
^Z' " HK" OL 

«ting a point Q on the ^Z' axis such that OQ is constant, and 
sving QN parallel to LAf , 

OM ON 



• . n = 



n = 



OL " OQ 



*B' L^L'/ 




Z — <¥T"*' 



V «. 



'IQ. 193. — Construction of speed and torque characteristics of series motor. 

'ence ON is proportional to the speed. Projecting N upon the 
ordinate at A , the resulting point P is a point on the speed-current 

!urve. 

Since 

aZ 



FH = AD = 



ia = ia tan $ 



and 



ISOauf 
OH ^ OF " FH = ia - ia tan 6 

tan ^ = yjj = 1 — tan $ = constant 
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it follows that for any other currpnt, as I'o = OA', it is on^ 
sary to draw A'H' parallel to AH in the process of local 
{b) The Torque Cliaracierislic. — As before, the torque j 
T = 7.05 *2'(", = 7,(ffi OZ,.OA pound-feet j 
when ia = OA. i 

Selecting a point R such that OR = constant, and dran 
|)eri)eadicular to LR, 

APt _ OL 
OA ~ OR 

whence APj- is proportional to the torque, and Pj- is i 
on the torqueH3urrent curve. 

It will be observed that the torque curve of a series 
deviates considerably from the linear form due to the fact ( 
flux varies with the current. If the magnetization cun 
a straight line, that is, $ proportional to {„, the torque 
be proportional to (!a)^,and the curve would beaparaboU 
ally it is a curve of higher order, lying between the lia< 
parabolic curves. 

Lines such as OP^ can readily be drawn perpentUculat 
by constructing a semicircle on OR as a diameter and 4 
a line through and the point where LR cuts the circle. , 

The torque curves discussed in connection with tb( 
rately excited, shunt and series motors refer to the Iti 
veloped torque, as given by equation (11). The actual^ 
at the pulley that would be measured by a brake test is lc| 
the total torque by an amount which corresponds to the, 
required to overcome internal friction and iron lossea 
curve of useful torque may be obtained from that of totafl 
by subtracting from the ordinates of the latter the "lost tq 
the useful torque passes through zero value when :„ has aa 
ciable value (see Fig. 209). 

131. Characteristics of the Compound Wound Motor, 
•^ (o) General. — If the shunt and series windings of a co^ 
wound (long shunt) machine are so connected that their 
ing effects cooperate, or are cumulative, when the machine! 
as a generator, then, if the machine is used aa a motor, 
windings will oppose each other, resulting in a different 
This is illustrated diagrammatically in Fig. 194, If the 



:J 



U deeigncd to over-compound as a generator, the diffei-ential 
motor action will be considerable, resulting in a decided decrease 
of flux under load conditions, and hence a speed higher than would 
"htain without the series winding. In general, the case is simi- 
lar to that of a shunt motor with exaggerated armature demag- 
[lelizing effect. 

In the same way a differentially wound generator, having a 
'Irooping e.m.f. characteristic when driven at constant speed, 
becomes a cumulative-compound motor with a drooping speed 
characteristic when supplied with constant terminal voltage. 




(i) Canstnielion of Speed Characteristic. — 
(1) Differential Compounding. 

The only difference between this case and the one discussed 
in connection with Fig. 191, is that now 



tan ip - 



. + rr 



iSOa" 



I 

inhuming that the resistance of the shunt field winding is constant. 
The construction has been carried out in Fig. 195, from which 
'1 ap|>ears that if % is sufficiently large, the speed rises with 
increasing load. It ia clear that there is a paiticular value of 
for which the speed will be the same at full load aa at no load, 
but that it cannot l>e made absolutely constant at idl loads (in 
the absence of spetial regulating devices) because of the curvature 
D magnetiitation curve O'G. 

i torque curve is also shown in Fig. 195, the fixed point H 

K'd in its construction. The curve is concave downward, 

e fact that the flux decreases with inireaaing current. 
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(yP 



Fig. 195. — Construction of speed and torque curves of differentially con 

pound motor. 
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Fio. 196. — Construction of speed and torque curves of cumulative compoiu 

motor. 
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L (II) CumiUcUive Compounding 
^ Here, 

i tan ^ = Ta + T/ 

i and 

aZ 

- Uf 



tan ^ = 



I8O0 



theref ore, the line OD must be drawn above OA instead of below 
it; otherwise the construction shown in Fig. 196 is the same as in 
the previous cases for both the speed and torque curves. The 
speed now falls considerably with increasing load, and the torque 
curve is concave upward. The cumulative compound motor 
has characteristics which are intermediate between those of the 
diunt and series motors. It differs from the latter especially 
in this, that its speed rises to a definite limit when full load is 
suddenly thrown off, instead of running away. 

132. Counter EJAJF. — ^The Reversing Motor. — The existence 
of the counter-generated or back e.m.f . can be shown in a striking 




wm 

iBcfalating 
/^Rheostat 

Y 

Fio. 197. — Connections for the experiment of the reversing motor. 

manner by the arrangement shown diagrammatically in Fig. 1*97. 
A serie? generator, G, is driven at constant speed by a suitable 
motor, Af 1, and the generator is electrically connected through 
the switch 8 and the regulating resistance 12 to the armature 
of an unloaded and separately excited motor, Af 2. The field of 
Mt is excited by a constant current supplied from any con- 
venient source. 

On closing the switch S, the series generator will build up both 
e.m.f. and current, provided the resistance of the circuit is below 
the critical value. At the same time, the speed of Jlf 2 will rise 
and its back e.m.f. will rise nearly proportionally, so that the ac- 
tive e.m.f . in the circuit, available for producing current,' is the 
difference between the e.m.f s. of generator G and of motor Af 2. 
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The current thereforo falls after riE^iiig to a, certnin value and! 
it the Kciirrati'd e.ni.f. of G clermises. Meanwhile, the spfl| 
Mt contiimoa to rise because of its acquired momentum, its] 
e.ra.f. overpowers tlie generated e.m.f. of G, the current M 
circuit reverses (as may be shown liy the two-way ammetsi 
and Mi momentarily becomes a generator tending to drirn 
a motor in opposition to motor M\. But as Mt has nodli 
power other than its energy of rotation, it very quickly coiJ 
reat. Since the current through the circuit has hieen revJ 
the residual magnetiaip of G also reverses, consequently asf 
as Mi has come to reat G begins to build up again, but with pi 
ity opposite to that in the first instance. Motor M^ then 8j| 
up again in the reverse direction until its back e.m.f. ovcrpolj 
the generator, it again stops, and the entire cycle of changj 
repeated, over and over again. ., 

The function of the resistance R is simply to prevent thM 
rent from reaching excessive values, and its raagnitudtd 
depend upon the machines used in the experiment. Thai 
at which motor Mi will build up in speed depends uptm 
moment of inertia of its armature and upon the torque, the ij 
in turn depending upon the magnitude of the exciting CMB 
of Mt. The larger the excitation of Mt, the greater will be 
torque for a given armature current, and the more rapid wil 
the process of picking up speed; moreover, the greater the exc 
tion, the less will be the speed to produce a given back ej 
Finally, therefore, it will be seen that the reversals of Mt wl 
more and more rapid, the greater the excitation of A/). 

The above reasoning will serve to explain why a series genen 
cannot be used to charge a storage battery. For as the charf 
proceeds the counter e.m.f. of the battery rises, hence redu( 
the effective e.m.f. in the circuit; the current, therefore, I 
and as it decreases, the e.m.f. of the generator also decrea 
The current will therefore continue to fall off until it becoi 
zero, and then the battery discharges through the generator,tt 
ing lo make it run backward as a motor. f 

v/ 133. Starting of Differentially Wound Motors. — DiiTerenfi 
wound compound motors are seldom used in practice f(tf| 
reason that in most cases the slightly drooping speed charijl 
istic of the plaJn shunt motor meets the requirements of coUl 
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peed to a sufficient extent. Moreover, the differentially wound 
IDotor is subject to " racing " in case of heavy overload, due to the 
iDBnderable reduction of field flux caused by the large current 
in the series field winding. Such motors are also liable to start 
up in the wrong direction on throwing the handle of the starting 
iheostat to the first notch; for the high inductance of the shunt 
■winding, due to the large number of turns, may so impede the 
■>■ of the shunt field current that the current in the series wind- 
,r, which builds up much more rapidly because of the small in- 

.niance of that circuit, may overpower the magnetizing effect 

111' the shunt winding, and so re- 

vrrtie the flux and the direction of 

relation. In that case the motor, 

it unloaded, will rapidly speed up 

in the wrong direction, thereby 

Itvfloping a considerable couu- 

■ r i.m.f. and so reducing the cur- 
■n flow and the torque; the ac- 

i'lired momentum of the armature 

may even for a brief interval cause 

ihc machine to become agenerator 

8tic! send current back to the Une. 




current has been building up, and eliiftot brushes, 
•hen the armature finally stops 

because of reduced torque or the dissipation of its energy of 
rotation, a heavy flow of current through the armature and 
series winding will result because there is now no counter e.m.f. 
' !;[■ machine will then start up in the right direction, but if the 
;.i(ial current flow is sufficiently great the series excitation may 
'■ 'Tpower that of the shunt winding, and so bring about another 
reversal of rotation. This process may go on indefinitely 
unlees the design constants of the machine are such that the 
succcessive impulses are damped out, that is, do not synchronize 
with the natural period of oscillation of the armature. 

A similar state of affairs may arise in the case of shunt motors 
provided with interpoles if the brushes are not properly placed. 
Nonnally the axis of commutation coincides with the axis of the 
iiterpoles, but if the brushes are accidently shifted backward, 
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against the direction of rotation, as in fig. 198, the interpob 
will produce a component of flux in opposition to that of the msin 
poles, and so convert the machine into one having the cha^acle^ 
isticB of a differentially wound motor, 

134. Control of Speed of Shunt Motors. — Inspection of the 
fundamentai equation for the speed of a motor 

reveals the fact that there are three principal methods for r^gulat- 
ing the speed, namely, rheoetatic coTttrol, by varying the resistance 
r', which includes the armature resistance r^; wAiage contni, 
by varying the impressed voltage V; and fidd control by vary- 
ing *. A fourth method occasionally used involves changing ^ 
by using an armature having two windings and two commula- 
tors which may be connected either in series or in parallel. 

(a) Rheoslatic Conlrt^. — In this method the ^ective resistance 
of the armature is increased by coanecting in series with it (but 




— Sppod rpKulntioii of 



of voltage conlrol. 



not in the main line or iield circuit) a variable resistance. This 
has the effect of imparting a pronounced droop to the speed char- 
acteristic (Figs. 190 and 191), the downward slope of the char- 
acteristic being proportional to the combined resistance of the 
armature winding and external resistor. A motor used in this 
way has poor speed regulation, that is, the speed will fluctuate 
between rather wide limits as the load changes; moreover, the 
method is inefficient because of the loss of power due to the flow 
of the armature current through the external resistor. It is not 
to be recommended in industrial installations, but is frequently 
convenient in laboratory investigations and in special tests. 
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(b) VoUage Control. — Subdividing the voltage of the main 
sierator or bus-bars by means of a balancer set, as in Fig. 199, 
lakes it possible to impress upon the armature of the motor a 
umber of diflferent voltages, to each of which there will corre- 
pond a definite speed characteristic such as is illustrated in Fig. 
191. For any given impressed voltage the speed will be substan- 
tially constant and will be approximately proportional to the 
impressed voltage. The variation in speed between full-load and 
aihload with normal voltage will usually be between 2 and 10 
ps cent., the smaller limit holding for large motors, the larger 
Ibnit for small motors. It should be understood that the motor 
connections are such that the voltage impressed on the shunt 
iidd winding is not changed when the armature is switched from 
one circuit to another, in order that the field flux may remain sub- 
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Fici- IXX). — Diagram of connections of Ward Leonard system of speed coijiiol. 

8tantially constant. The armature connections are changed by 
^cans of a special controller, somewhat resembling an ordinary 
^way motor controller. 

With the arrangement indicated in Fig. 199 it is possible to 
''Qpress six different voltages upon the motor, namely, 40, 70, 
110, 150, 180 or 220 volts, giving six different speeds. Inter- 
mediate speeds may then be secured by adjusting the flux by 
means of a rheostat in series with the shunt field winding. This 
method is extensively used for driving niacliine tools, such as 
lathes, boring mills, etc. It has the disadvantage of requiring 
* considerable investment in copper due to the extra wires of the 
distributing circuits. 

' Where uniform gradation of speed in either direction is required, 
^ in the operation of the turrets of battleships or in steering by 
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electrically controlled rudders, the Ward Leonard system ma 
be used. The motor 3/, Fig, 200, whose speed is to be reguIaU* 
is separately excited from the maio supply lines and ils armatur 
is supplied from an auxiliary generator G, the latter being drirp 
at constant speed by a shunt motor M' which takes its powe 
from the line; instead of driving the generator <? by a motor, an; 
other form of prime mover may be used. The6eld of thegenen 
tor is excited from the constant voltage supply line, and may b 
adjusted from zero to a maximum, in either direction, by 
a reversing field rheostat; in this way it is possible to 




Fig. 201.^ — Sectional view of Lincoln adjuatahle-spoed luuto 



smooth variation of the voltage impressed upon the motoi 
This method is very effective, but is naturally expensive becaus 
of the auxiliary motor-generator set. 

(c) Field Control. — The simplest and cheapest method of regu 
lating the speed of a shunt motor is that in which the flux ii 
varied by means of a rheostat in the shunt field circuit. If thi 
machine operates normally with a nearly saturated magnctii 
circuit, all resistance of the riieostat being cut out, the speed nw? 
be approximately doubled by weakening the field curre nt; bfr 
yond this point the field intensity at the pole tips becomes s< 
weakened by armature reaction, especially under load conditions 
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i^iit commutation is seriously iiiterforod with. Consequently 
ihis method is limited to those cases in which a very moderate 
range of speed will suffice. 

The interpole motor affords means whereby a wide range of 
■peed is made possible, a ratio of maximum tominimum speed of 5 
nr 6 to 1 being fairly common. The principle of the interpole 
■■notor involves the neutralization of the armature reaction of the 
■lotor by placing auxiliary poles in the axis of commutation and 
•iciting them by the same current (hat flows through the arma- 








I Hi, 3fJ3.— Liii.oln a(lju8lable (f|)ce<i iNOlor drivi.iB iiijif cutluis .iiail.iiiP. 

:ure, (he winding of the auxiliary poles being so designed that the 
mm.f. of the armature is either exactly balanced or else slightly 
overcompenaated. In this way the main field may be varied 
through a wide range without producing sparking, the interpolea 
ilwaya producing a field of the proper strength to reverse the cur- 
f»nt in the coils undergoing commutation. Interpole motors are 
iised to a very large extent where variable speed is a necessity, as 
in machine tool operation. They are generally provided with a 
'■nntroller which serves not only to start the motor, and to reverse 
its direction, but also to vary its speed aa desired. 
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Tho mohols ihuA far (ic^cribcHl offtft tho variation of apwiliiT 
adjust iiioiit of lhi> I'lofl rical rircuits of the moi-luui;. Bui llif 
tliix ami, tln'n'fon*. the speed ean t» varied by inechanifal 
ileviees which ehanpe the lengith of the air-gap. In the Unr"lii 
adjustable speed motor, shown in section in Fig. 201 , the armalun 
von- is eonit-al, so thai as the armature is moved sidcwaw l« 
iiieans of the handwhoel the effective length of air-gap may If 
iner*>asod or decreasetl at will, \ range of speed of 10 to 1 L' 
n'iidily obtained in the smaller sizes. Commutation diffictiltiw at 
hiph speeds uuid weak field) arc avoided by using iaterpob. 
I'ig, 202 shows a similar machine made by the Reliance Electric 




and KngiiH'iTinu Co., the motor liore I)oing gearctl to a pip<' i'"'' 
liiif; inarliiiK-. 

SiM-ed variiitiiiii is oblainci) in the Stow multi-speed mot<irl'>' 
pluiiiiei's wliii'h are iui>ved in and out of the hollow pole roivs I'V 
means of a iiaii<lwheel ami bevel ^vuta, as shown in Fip. ^^■ 
The speeil is iiiereased by drawing the plungers away from il"' 
arrnatun-, thereby weakeninR tlie field; the thin shell of iron ih"^ 
left at the pole lips becomes saturated, and the comniutiiti"f 
lield in therefore sulficiently intense to prevent sparking at f''*" 
up])er limit of the speed. 

136. Applications of the Series Motor. — The rapid drop ■" 
HpiHul of the st'ries motor !is its load is increased makes this lyp"' 




fike the ahiint mol.or are srklom used for the reju'son that the 
rent taken l)y such :i moliir in jtoing up a alcop grade is e 
; fur since tht> bihh^I of siirh a motor will remain subatantially 
iluiit if the impresoed voltage is coiiataut, the additional power 



ftquired to climb the grade demands a proportionally increased 
©ff^Dt, The series motor, on the other hand, will slow down as 
L4iB^Q&d increaaes, automatically preventing an excessive load, 
^•aii to a certain extent, tending to maintain a constant load on 
lUeByateni; at the same time it develops a torque more than 
^ptoponional to the current, while in the shunt motor the torque 
■iMrcases less than proportionately to the current. 
1 Series motors for railway, automobile, hoisting and rolling 
I »iO service are generally of the totally enclosed type. In rail- ' 
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Tv). 20S.^chM*el«ruU« curve* of motor of Fig. 204. (General Eleclrii 



<&y and automobile service, in particular, the motors must be 
»sterproof and of ni^^ construction to withstand the rough 
''*^ to which they are subjected by reason of poor roadbed an<l 
improper handling of the starting controller. A too rapid cutting 
wt of the starting resistance results in very heavy current, cxccs- 
'■w torque, and a wracking of the armiiture winding. 

^k- 204 illustrates a recent type of railway motor madr by 
'w General Electric Company. It ia of the box frame, coininu- 
'atingpole type with forced ventilation, the inlet and outlet for 
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the pooling air being at the pinion end <tf the frame. In the 
frame type the armature may be removed from the frame throug 
the openint; at the commutator end. Fig. 205 shows a spl 
frame commutating pole motor made by the We&tinghooi 
Electric and Manufacturing Company. Figs. 206 and 
show the commutator and brush rigging of the motor illustrate 




in Fig. 204. The characf eristic curves of the motor of Fig. 204 
are shown in Fig. 2(18; those of Fig. 205 in Fig. 209. 

136. Cycle of Operation of Railway Motors. — The horse-power 
rating of :i ruihviiy motor has little signifioance in determining its 
suifiil)ilily for u pitrticular ('(niipinciit ; the nominal horse-power 
rating is defiued as that load whioh the motor will carry for one 
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►ur without exceeding a temperature rise of 90® C. at the com- 

LUtator and 75° C. at any other normally accessible part, the 

►tor being tested on a stand with an impressed e.m.f. of rated 

lue, and the motor covers being arranged to secure maximum 

itilation without external blower.^ In any given case the 

►tors must be so selected that they will not overheat and the 

-ting depends in part upon the average value of the square 

of the current taken throughout the whole of the working period, 

: including stops. The current has its largest value during the 

starting or acceleration period, hence the heating is largely 

dependent upon the number of stops in any given schedule 

When the car — or train — is started, the resistance in series 




lim<; lu Seconds 



Fig. 210. — Speed-time and current-time curves of railway motor. 

with the motors should be cut out step by step in such a manner 
that the current through each motor remains practically con- 
stant until all the resistance is out of the circuit. The torque per 
motor will then be constant, hence the draw-bar pull and the 
resulting acceleration will also be constant, and the speed of the 
car will increase uniformly, as indicated by the line Oa, Fig. 210. 
When the resistance is all out, the speed will continue to increase, 
but at a steadily decreasing rate, as represented by the curved 
line aby and during this inters^al the current will decrease from the 
initial constant value Oe in the manner indicated by curve fg. 
The cause of the decreasing current is the increasing counter 
e.m.f. due to the rising speed. After the time 06i, the current is 
'See Standardization Rules, A.I.E.E. 
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shut off, and the car allowed tocoast, the speed accordingly faJlii! 
in the manaer shown by lioe 6c. The brakes are then applied an 
thp speed rapidly falls from cc\ to sero. The broken line Oabai 
called a speed-tinte curve, and its area is proportional to the dis- 
tance traveled by the car in the time Od. 

The slope of the hne Oa is the acceleration of the car; the 
ordinarily uaed varies from 1 to 2 miles per hour per second, 
this in t urn determines the draw-bar pull, torque and current 
the weight of the car, gear ratio and type of motor are km 

137. Series-parallel Control. — In cars having a two-mi 
equipment the motors and starting resistance are at first 
nected in series, and after the resistance has been cut out, the 
connections are quickly changed so that the motors themaelvi?sare 
in parallel with a resistance between them and the line; this 
resistance is then cut out, ho that finally the motors are in parallel 
directly across the full voltage of the line. The elementary din- 
gram of connections is shown in Fig. 211, In four-motor equip- 
ments, the motors are usually connected in parallel in pairs, and 
the two pairs are then connected in series-parallel just as though 
each pair were a single machine. 

The series- parallel control is a much more economical method 
than if each motor had its own starting rheostat, or than if tbf 
motors wer^ permanently in parallel with a single resistance for 
starting purposes. For example, assume a two-motor etiuipraeot 
with the following data: 

V = line or trolley voltage 

/ = current per motor during acceleration period 

T = resistance of each motor 

t = duration of acceleration period, in seconds. 

At the moment of starting, the motors being in series ( 
21 In), the starting rheostat must have a resistance of Ri i 
such that 
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The loss in the rheostat at the first instant is then at the rate of 
Si watts; but as the motor speeds up at a uniform rate under 
Be assumption of constant current, the counter e.m.f. also 
Lcreases uniformly, and in order to keep the current constant the 
sostance must be cut out at a uniform rate. All of the rc- 

istance should be out of circuit in a time ^ seconds, and the 

aoiors then switched to the parallel position (Fig. 211b). Dur- 
Dg the first half of the acceleration period the energy lost in the 
ilieostat is then 

WH^ = HI^Ri ^ = HI^Rit watt-seconds. 

At the instant when all of the resistance Ri is out of circuit, 

each motor receives half of the line voltage and this condition 

may be maintained efficiently 
if it is desired to continue run- 
ning at reduced speed. But 
if the speed is to be increased 
at the original rate, as in Fig. 
210, the motors must be put 
in parallel and a new resis- 

; t&nce Rt inserted between 

i them and the line. In order 
that there may be no break 
in the smoothness of the ac- 
celeration, each motor must 

continue to take / amperes, Fio. 211— Elementary diagram of con- 
, - _ » M A 0A nections, senes-parallel control. 

and at the first mstant after 

the transition has been made the resistance R2 must consume 
V/2 volts since the remaining V/2 volts are taken up by the 
motors. The resistance R2 must then have such a value that 

R2 = ^^j = ^j ohms 

and the energy lost in the rheostat during the second half of the 
acceleration period will be 




Wb, = ><^(2/)2/?2 = 72/^2^ watt-seconds. 
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Tho total lews in the rheostat is then 

W - Wm, + Wm. = /v(^-' + R,) = }iIH(j - r) watt-seconds. 

If, now, the motors had been originally in parallel, as in Fig. 
21 lb, with a resistance of Rz ohms between them and the line, 
tho value of Rt would have to be 

V r 

in ortlor to allow a current of / amperes to flow through each 
motor. The loss in the rheostat would then be 

HV, = hV2I)^Rzt = 2/««,« = Ih{j - r) watt-seconds 

or oxat»tly twice jis great as in the case of series-parallel control. 

138. Railway Controllers* — The successive changes in the 
starting resistance and the change from series to parallel cod- 
nei^tion an> iUH*omplished by means of a controller. As tb^ 
controller is changtHi from notch to notch the redstance ^ 
varicil by finite amounts, so that the current does not remain 
absolutely constant throughout the acceleration period, ^ 
repivs(»nted by the line </, Fig. 210, but in reality this curv'^ 
jussuines a saw-tooth form lying partly above and partly belo'**^ 
the desired constant value. The two positions of the controlled 
in which the motors art^ in full series and in full parallel, respecr^ 
tiv(»ly, art* called running poinis because in these positions ther^ 
is no l(xss in the rheostat; all other positions are called resistance 
jwinta except in the interval in which the transition from series 
to parallel connection takes place. 

C'Ont rollers are commonly designated by characteristic letters 
which indi(»ate the type to which they belong. Thus, type R 
controllers are those in which rheostatic control is used, without 
the customary si^ies- parallel arrangement; they are used for 
single motor railway equipments, mining locomotives with one 
or two motors, and for cranes and hoists. Type K controllers 
are designed for series-parallel operation of two or more series 
motors, and have the characteristic feature of not breaking 
the power circuit during the transition from series to parallel 




ii!tion. Type L rontrollers are also designpd for series- 
*l control of series "motoi's, and include the feature of 
tg the power circuit during the transition period; this type 
seldom used. Type B controllers have the usual power 
'Connections, and in addition allow the motors to run as 
tors for energizing magnetic brakes of the axle or track 

212 represents a A'-IO controller made by the Westinghouae 
and Manufacturing Co. and Fig. 213 shows the auccea- 




|Flo. 312.— K-10 conlroller. WcBt>rigbouse KIcc. & Mfg. ( 



Wages of the connections. The oval shaped part near the 
le of Fig. 212 is a solenoid connected in the main power 
it; its function is to create a powerful magnetic field at the 
tcts between the stationary contact fingers and the segments 
le controller spindle. This field is so directed as to blow 
he arcs that form on breaking the circuit. Fig, 214 repre- 
\ more recpnt type of K controller made by the General 
]|Co.; instead of a single magnetic blow-out coil, there are 
, blow-out coils for each contact. The diagram of 
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connections of this controller are shown in Fig. 215. It w 
observed that this diagram differs from that of Fig. 213 in 
during the transition period the latter involves short^irci 
and immediately thereafter open-circuiting one of the n 
(or pair of motors) while in the latter both motors are cot 
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Fio. 213. — Sucoesaive stages of 
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oualy in circuit. The system of transitional connections t 
in rig. 215 is called the bridge control. 

All controllers, with the exception of certain R types, 
two handles, one for the u.sual operation of accelerating th 
the other for the reversal of the direction of its motion, 
two handles are mechanically interlocked in such a manne: 
the reversing handle cannot be moved unless the main b 
is in the "off" position, and the main handle cannot be n 
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Versing handle is in either the forward or reverse 
The reversing handle changes the direction of rotation 
s by interchanging the connections of the field wind- 
ttth respect to tlic armature terminals, 
the car is running and it ia desired to reduce speed, the con- 
jr handle should l>e turned quickly to the off position and 
brniiuht fiiick ^ignin lo tho proper notch !>(.'fore the speed 




coiln. General 

^100 low. A slow turning off is apt to draw destructive 
e contact fingers, 
icteristic feature of all of the controllers described above 
lat the main current passes directly through them. This is 
retly feasible in the case of a single car. or motor car and 
er, but where several motor cars and trailers are to be 
ated as a train, the multiple-unit type of control, called type 
aust be used. The controller for this service carries only a 
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small auxiliary current supplied by the line, and this current 
actuates electromagnets which operate contactors that control 
the main current. The contactors are usually mounted in 
waterproof iron cases under the car bodies. In this system a 
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single controller, called a master controller, serves to oper^*^ 
the contactors of all the motor cars in the train, the auxiliary ci^' 
cult being extended from end to end of the train. 

A system similar to the type M is also used in large single c^^f 
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where very heavy current through the controller itself e 
objectionable. An olrmentary diai^am of connections o 
controller is shown in Fig. 216, and the contactors are s 
Fig. 217. This type of control is not suitable i 
which the trolley voltage is apt to be low, as at the end of a Ion] 
feeder at times of heavy load; for In such a case it is possible th« 
the current passing through the auxiliary circuit may be insuffi 
cient to operate the contactors. 

139. Division of Load between Motors. — Two or more shun) 
motors designed for the same voltage, whfn connected in parat 
lei to the same supply circuit, and with their shafts ripdly 
coupled, will divide the load in proportion to their eapaciliw 
provided their speed-current curves (Fig. 191) are idenlical in 
the manner discussed in connection with Fig. 173; that is, it tbe 
speed curves, plotted in terms of per cent, of full-load current, 
are identical. The same thing is true of series motors opcratiii| 
in parallel. 

Series wound motors when connected in series in a consUnl- 
current circuit, will develop approximately constant torque if 
the brushes are kept in a fixed position; but if the torque were 
constant the speed would have to vary in direct proportion M 
the load. To obviate this variation of speed, and in partieulm 
to keep the speed constant, the series motors in the Thury con 
atant-current system (see Chap. VI) are provided with regu 
lators which change the position of the brushes, thereby aftectini 
the torque instead of the speed. 

An interesting case of unequal division of load between serie 
wound motors is afforded by the case of a car starting on an up 
grade on slippery rails. Assume for example that the rear en< 
of the car is more heavily loaded than the forward end; on turn 
ing the controller handle to the first notch, the same current wil 
flow through both motors (or both pairs of motors) since they ar 
in scries with each other; therefoio each will develop the saiii' 
torque. If the weight on the forward trucks is fwrly light, thi 
adhesion between tho wheels and the rail may not be suffideo' 
to prevent slipping, in'whi<'h case the forward motor will speef 
up and spin the wheels. The counter e.m.f. of the forward motoi 
will increase as its speed rises, so that its impressed voltage musi 
also increase; but any increase of the voltage on the forwarc 




will be at, thp expense of that, iinprpssed on the already 
'irked rear motor, so that the result will be to stall the car 
llie front wheels can be prevented from slipping. 



^V PROBLEMS 

L \ 220-volt, 2S-h.p. shunt motor has an omialurc rosistonce of 0.134 

.rut a field ronstaace of 73.3 ohms. At full load the current input 

" iDschine is 96.5 amp. Find the power loss ia the armature and 

' ii indinga, the counter e.m.f. and the total mechanical power developed 

' motor at full load. 

Die motor of Problem 1 is provided with a serie* field winding whosn 
^'ice is 0.027 ohm. If the load is such that the total current input is 
.nip., solve for the same qu&ntitira called for in Problem 1 assuming 
.^t;-shunt eonnection; (6) ahort^hunt connection. 
" '!1)(! shunt molor of Problem 1 takes a line current of 6.25 amp. ol no 
'<iid niiis at a epQod of 1175 r.p.m. What is the ideal lero load speed? 
riic flhiint motor of Problem 1 has a magnetisation curve such that an 
liiic current of 1.5 arap. produces two-thirds as much flni as lliat pro- 
1 i>y a field current of 3.0 amp. What will be the (ideal) no-load 
1 if ihn field rheostat is adjusted to give a total shunt resistance of 

'. rt'hni the shunt motor of Problem 1 is carr>-ing its full-load current, 

iraiature demagnetizing ainp.-tums per pole amount to 7 per cent. 

■if liic field amp.-tums per pole. Find the speed at (n) full load; (6) 

•I I load such that the armature current is 150 per cent, of full-load current. 

I. What reajstance must be put in series with the armature of the shunt 
onior specified in the above problems to make it develop |u) full-load torque 
II the moment of starting! (b) a starting torque 50 per cent, greater than 
'uU-Iom1 turquo? 

T. Uiiing the shunt motor specified in the above problems, and impress- 
in( Mjcocnivcly voltages of 200, 250, 275 and 300 volta upon the machine 
l^rmtix^, what wil! be the onrrejiponding (ideal) no-load speeds? 

t> Tlw irrics field winding specified in Problem 2, when connected long 
■kuDt, produces 20 per cent, as much c^citatian as the shunt winding when 
■be amuiturv carries full-load current. Find the speed of the motor when 
W* Krie* winding is connected (o) differentially; [6) cumulatively, the 
uniMitTv euimnt being 90 amp. 

S. B««ring in mind that a straight line through the origin drawn tangent 
'''Ihn magnetization curve (specified in Problem 4) repnsscnta the relation 
'"Iwnen flux and the exoilation consumed by the air-gap, what will be the 
liliaJ) no-load speed of the shunt motor of the preceding problems if the 
[ooes are bonnl out to such an ext/^nt that the effective length of air- 
dp ia IncTwuKKl by 10 pur cent.? 

VL Tht shunt motor specified in Problems I to 8 is driven as a generator 
U 1 qmmI of 1200 r.p.tn., the field rhi>UBtBt being adjusted until the shunt 
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ex^ritioK currait b ^73 anqpu Fkml tlie Imnimd voltage when the armature 
currail b oO »m|)k: .«' vtva the diiedioii oC ratstkMi results in a forward 
k^ad of the hrusKins: ^^ vhm the dueetmn of rotation is reversed. 

11. A stieet car equipped with four motors, grouped in two pairs, the 
motors of each pair beiB(t petmaimtly in parallel, is running under power. 
The contvoUer b thiovn to the off positioii and the reversing handle is 
turned to the leverse pcasatko. ^fweify what wiU h^^ien and explain fully. 

It. From the curres of Fig. 208 eoastnict a new set of curves showing 
(o'^ armature speed in rp.m. : v^> motor torque in Ib.-ft., in terms of current 
input. 

1S« A car b equippied with four motors which have the characteristics 
shown in Fig. 20^ Each motor b mounted on its own axle, the gear ratio 
being 35: 76k The driving wheels d the forward pair of axles are 33 in. in 
diameter, while those of the rear pair are 32 in. in diameter. If the motors 
are in parallel and the spted of the car is 23 miles per hour, what is the 
total current taken bv the car and what is the total tractive effort? 




Pl40. Fundameiital Considerations.— Each of the a parallel 
paths cotuprising tho entire armature winding consists of Z,"2a 
turns in series in each of which the current is u/a ampei'es. As 
the commutator segments to which the terminals of the indi- 
vidual winding elements are connected pass under the brushes, 
l!ic elements are successively switched from a path or circuit 
ill which the current has one direction to an adjoining circuit 
in which the current has an opposite direction. During this 
'riQsition period, or period of commutation, the current must 
If reduced from its original value to zero and then built up 
^eain to an equal value in the opposite direction. The period 
"f commutation is of very brief duration, of the order of 0.0005 
"> 0,002 second, and it niiiy easily happen that the reversal of 
'■'irrent is either retarded or unduly accelerated; in either case, 
tiie current at the end of the period will tend to have a value 
"hich differs from that of the circuit to which the commutatetl 
|^**il is about to be connected, and the result of the final equali- 
*4tion is a spark between the brush and the commutator aeg- 
loent. The study of the commutation process therefore has 
for its object the determination of the conditions which will 
i^'^ull in sparkless operation. 

The time variation of the current in a winding element may 
i>e represented by a diagram such as Fig. 218, in which ordinate^ 
'■^present values of current and abscissflii the time. Imme- 
'iialuly Tiefore the l>eginnuig of the commutation period AB, 
the current in the coil under consideration has the value + I'o = 
'. o; after the completion of the commutation it must have a 
'■aliie - (n. assuming that tlie winding is symmetrical and, 
'liwrfore, that tho currents in all of the armature circuits are 
tlw same, In the time interval AB = T, the current may vary 
ill the manner shown by such typical curves as a, b, c, d, e, /, 
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each of which corresponds to a definite set of physical condi- 
tions. These curves are called the short^rcuit aarent cuntf. 

Curve a shows that the current has been reversed too rapidly, 
overreaching its final value, such a condition being character- 
ized as overcom mutation. Here the current may reach its 
proper final value without a spark, but it may involve euch 
large localized current densities at the contact surface betveen 
commutator segment and brush as to lead to sparking and, per- 
haps, to glowing (incandescence) of the brush and certainly t« 
excessive loss and heating and deterioration of the brush. 

Curve b represents a case in which the current cornea to iU 
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final value smoothly, with a zoro rate of change at the end "' 
the commutation period. This will generally result in sati^ 
fiictory commutation. 

C^urve c indicates a uniform transition of the current ft6(*^ 
its initial to its final value. When this occurs the comniuti*' 
tion is said to he linear. Linear commutation is very dcsil" 
al>lp, for, as will appear later, it gives rise to uniform currcn* 
density .it the l>ru;sh eonlait surfaec and the loss of power at 
the contact surface is a iiiiiiiniuni. 

Curve d represents the wwalleil "sinusoidal" commutation; 
the purvp is one-half of a sine curve. Such a sliort-oireuit cur- 
rent curve would generally result in satisfactory commutatioD. 




rve e represents a limiting case in which the final rate of 
hajige of furrent ia infinite; that is, the curve is tangent to the 
ertical line drawn through B. Under such conditions spark- 
Qg would invariably result. 

Curve / shows " undercommutation," that is, the current is 
lot reversed with sufficient rapidity. Even though the final 
due of current may be correct, this condition may involve 
xcessive current density under the brushes and hence possible 
;lowing, just as in the case of overcom mutation. 

It should be understood that these curves represent only the 
oore important cases. In practice, the short-circuit current 
un-es may assume an infinite variety of forms, subject always 
o the condition that the initial and final values of current must 
>e fxiual in magnitude and opposite in sign, the armature wind- 
ng being assumed to be symmetrical. 

No account has here been taken of the effect of mechanical 
ir^ularitiea such as vibration of the brushes, unevenness of 
he commutator surface, etc. Such mechanical defects will 
uvariably produce sparking even though the magnetic and 
;Wtrical conditions are otherwise perfect. Vibration of the 
-irushes causes the short-circuit current curves to take on a 
iBw-tooth form. 

141. Physical Basis of the Theory of Commutation.— The 
■heory of comniuUition is much less advanced than that of 
ither parts of the theory of direct-current machines; that is to 
fiy, the commutation characteristics cannot be predetermined 
'ith anything like the degree of accuracy that is possible in 
he calculation of the general performance characteristics. 
Notwithstanding this fact, practice based upon more or less 
mpirical rules hsts so far outstripped thegry that manufacturers 
ommonly guarantee sparkless operation between no-load and 
*1 per cent, overload with a fixed setting of the brushes." 

The elementary theory of commutation is relatively simple 
nd has been extensively discussed by numerous writers. It 
nvolves the fact that the coil undergoing commutation has 
Kliiced in it an e.m.f. of self-induction due to the changing 
iirrcnt in the coil, the self-induced cm.f. acting always ia 
jch a direction as to oppose the change of current; and in 
ise the short-circuited coil is in inductive relation to one or 
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more colls which are mmultaneoualy undergoiDg commulaiiQii 
there will also be Induced in it iin e.ni.f. of mutual inductkm 
For these reasons the theory may be designated the "in- 
ductance" theory. There is also to be considered the fan 
that the short-circuited coil may be situated in a magnetic 
field^the fringing field near a pole tip, or the reversing ficM 
due to a comniutating pole— and that the rotation of the coil . 
through this field produces a generated e.m.f. in the coil. M I 
has been previously iiointc4 out, this generated e.m.f. should in | 
general be so directed as to neutralize the retarding effect of I 
self-induction, in which case the process is referred to as voltni]'' 
commvtation. If, however, the commutated coil is not actiil 
upon by any extraneous field, that is, if there is no generftttil 
e.m.f. acting in it, the process is called resistance commutatn'i. 
inasmuch as the self-induced e.m.f. is controlled only hy lli< 
obmic drops in the coil and at the brush contact surface. Re- 
sistance commutation is largely relied upon in machines havini! 
a fixed brush position and no special commutatlng devices sucii 
as interpoles; to this end trarbon brushes are employed, the 
high contact resistance serving to keep the short-circuit current 
within reasonable limits. Examples of this type of macbinej 
are afforded by railway and hoisting motors in which the brushes 
are permanently set at the geometrical neutral because of Ihi' 
frequent reversal of direction of rotation. 

The ohmic drops at the transition surface between the commu- 
tator segments and the brushes, and in the short-circuited coils 
and their connecting leads are almost as important as the 
G.m.fs. due to self- and mutual-induction and to rotation through 
the magnetic field. The contact resistance between commu- 
tator and brushes is very much more complex in its nature than 
that of ordinary metallic conductors; it resembles that of t'"' 
electric are in many of its properties, for it is dependent upon 
such factors as the current density, the direction of the eurren'. 
the temperature, material and chemical structure of the contact 
surfaces, and upon the nature of the current itself (continuous. 
alternating, or pulsating); it varies, moreover, with the con- 
tact pressure and the relative velocity of the surfaces.' 

will be 




; b probable thitt, the passage of tho current across the 
sition surface beUvfon pommutfitor am! brush causes an 
ration of (he gaseous layer between them and that this 

up a counter c.iu.f. sitnilar to that encountered in the arc 
im. From this standpoint the drop of potential across the 
act surface is the sum of the counter e.m.f. and the true 
ic drop; the quotient obtained by dividing the observed 

by the current is then not a true resistance, but. what uaay 
ailed an effective resistance, made up of the true resistance 
a fictitious resistance equivalent in its effects to the counter 
r. The transition layer between commutator and brush 
le seat of an energy storage, and breakdown in the form 
larking may be expected when the amount of the stored 
5y exceeds a critical value. On this basis, neither current 
ity nor transition drop taken separately is a sufficient 
Hon of the sparking limit; this is couiirined by an experi- 

f Professor Arnold's in which the current density passing 
carbon brush to a metal surface was raised until the 
owed, but without producing sparking. 
THE IHDUCTANCE THEORY 
3. General Equation, Case of Simple Ring Winding. — 
the sake of simplicity there will first be considered a simple 
winding in which the brush width b is equal to the width 
a commutator segment. Under this condition only one 
ling element will be short-circuited at a tune, as shown in 
219, and the effect of the mutual induction of other coils is 
inated. It has been explained in Chap. VI that the axis 
ommutation must be slightly displaced from the neutral 
(in the direction of rotation in the case of generators), in 
Btfaat the fringing field at the leading pole tip may generate 
Behort-circuited element an e.m.f, of sufficient magnitude 
Bmce the retarding effect of the self-induced e.m.f. But 
Etg the commutation period the short-circuited coil moves 
ugh the fringing field from a position in which the generated 
f. has a certain value to another position in which the gener- 
fe.m.f. is appreciably larger, so that the reversing e.m.f. is 
aslant. If the distribution of the flux in the air-gap ia 
: experimentally, as by the pilot brush method de- 
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scribed in Chap. V, it will be found that, as a rule, the cune 
of flux distribution is approximately linear for short distances 
between pole tips; therefore, the commutating e.m.f. may be 
closely represented by the function 

E, = e + ht (1) 

where 

t = time counted from the beginning of the commutation 

period 
h = constant 

e = commutating e.m.f. at the beginning of the period, 
when t = 0. 
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Parts a, b, and c of Fig. 220 represent, respectively, the init**!' 
intermediate, and final stages of the commutation of a coil 
In position a the coil is a part of the right-hand branch of *'* 
winding and carries the current io = io/a. A!! of the curr^^" 
reaching the brush from the two adjoining paths must then pr**^ 
through lead 1. Similarly, in the final position c, coil C S^*^ 
become an integral part of the left-hand branch, its current f ** 
been fully reversed, and the combined current of the two pa*!*^ 
must reach the brush t»y way of lead 2. The 6 position, '" 
which coil C is ahort-circuited, shows that immediately af*^"^ 
segment A^ has reached the brush, the current from the rigJ'*' 
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hand branch may reach the brush by way of both leads 1 and 2, 
and coil C therefore carries less current than before; as the 
contact area of segment A\ diminishes and that of A 2 increases, 
the original current through C is diverted more and more from 
lead 1 to lead 2. At the same time that the right-hand branch 
current is being throttled in this way out of coil C, the left-hand 
branch current finds its way more and more readily through 
coil C and the increasing contact area A 2, and less and less 
readily through the diminishing contact area A\. 

If the transfer of the brush current, 2io, from lead 1 to lead 2 
occurs uniformly during the commutation period, linear commu- 
UAion results. In that case the current in C will have zero value 
when the insulation between segments Ai and As is directly 
under the middle of the brush; and leads 1 and 2 will then each be 
carrying current to, from the left- and right-hand circuits, 
respectively. But if the axis of commutation is too near the 
leading pole tip (in the case of a generator) the e.m.f. generated 
b C by its motion through the field will act to accelerate the 
transfer of current from lead 1 to lead 2, therefore giving rise to 
abnormal current densities at the contact area A2; this is the 
case of overcommutation, Fig. 218a. On the other hand, a 
commutating field that is too weak will delay the transfer of 
current from lead 1 to lead 2, so that the current density may 
become excessive at contact area Ai; this corresponds to the 
curve of undercommutation, Fig. 218/. 

143. Elementary Mathematical Relations. — Fig. 221 is the 
same as Fig. 220b except that the currents in the various patha 
^ indicated. It may be assumed that the currents from the 
left-hand and right-hand paths pass to the commutator by way 
of leads 1 and 2, respectively, and that the current in the coil C 
has a value which at any instant is i amperes, its path being 
^mpleted through the brush. In the figure the current i is 
^presented as flowing in a clockwise direction through the short 
<^uit but at a later instant during the commutation period it 
^ have reversed. From the figure it follows that the currents 
>^ leads 1 and 2 are, respectively, 

ii = io + i \ (2) 

• • • I 

•is = lo — ^ J 

.*. ii H- it = 2io = total current from the brush, (3) 
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Now lot 

Re «= resistance of coil C 

Ri » resistance of each commutator lead 

Rh ^ resistance of contact area of the entire brush. : 

(\)unting the time i from the beginning of the short-circuit of coil 
i\ the (H>ntAct resistances of areas A\ and A a are, respectively, 

T t 

Rv = Rh w ~t ^3 = ^* 7 

In the closed circuit consisting of coil C, commutator leads 1 and 
2, (H)ntaot areas A\ and As, the two commutator segments and 
the brush, the sum of all the potential drops (with due regard 
to sign) nuist tHjual lero, in accordance with Kirchhoff's law. 
The sign of any e.ni.f. is to be taken positive or negative if it 
acts in, or in opposition to, some arbitrarily assumed positive 
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Fua. 221. Current paths in short-circuited coil. 

direction, respectively; similarly, a drop of potential due to a 
current flowing in the positive direction is to be taken with the 
negative sign, and vice versa. Taking the counter-clockwise 
direction as positive, we have 

— L ,. = e.ni.f. of self-induction (negative) 

iRc = ohmic drop in coil C (positive) 
ixRi = ohmic drop in lead 1 (positive) 
i\R\ = ohmic drop in contact area Ax (positive) 
uRt = ohmic drop in contact area At (negative) 
uRi = ohmic drop in lead 2 (negative) 

E^ = commutating e.m.f. (positive). 

.-. L Jj + iRc + (/o + i)Ri + (/o + i)RkYzr^ - 



(i« - 0*4 - ('*• - ^^^' + ^- " ° 



w 



COMMCTATIOX 2S7 

which inav l>r written 

//j^ + iR + ^'-^ do + - -J-(io - i) + A^c = (5) 

:"-- "Where 
_: /2 = Re ~f" 2fl/ 

■^-^ This equation involves the justifiable assumption that the resist- 

&necs of the commutator segments and of the brush are negligible. 

The complete integration of this differential equation has 

kvi*. ^^ been worked out subject to certain conditions^ and results in an 

equation of the form 

i = Fit) 

subject to the terminal conditions that when < = 0, f = to, and 

when( = r, i = — tV The complete results of the integration are 

not essential in most cases, since it is generally the end of the 

commutation period that is most important so far as sparking is 

concerned. . 

144. Discussion of the General Equation.— ^At the last moment 
during the commutation process, when t = T, and i = — to 

Ec = 6 + hT = Ej> 
R T 
-y- (lo — = ^Rbio 

TlTzn (*® + *0 ~ A' ^^ indeterminate. 

yp-^i) can, however, be evaluated 

by differentiating numerator and denominator separately with 
respect to the independent variable i, giving 

I di 

I'o + i I di di 






T - « ji - r - 1 dt 

The general equation then reduces to 

i"j|" -" toK -" ^bTsr — 2/2fcto 4" E^ = 

or 

(^\ _ ^ »!>(^ + 2 fib) - Et 

\di/t^T~ RtT-L ^^^ 

^ Uber den Kursachluas der ^ulen und die Vorg&nge boi der Knmmuta' 
tion den StrameB ernes Gleichstromankere, by Paul Riohcsell. Kiel, 1905. 
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Fn>in the last iH|iiatk>n ^6^ there may be deduced several impor- 
tant conclusions as follows: 

I? 7* tit 

1. If . =1, the final \*alue of -r. will be infinite, f.r, 
^ .J = « , provided !#(/? + 2A) differs from Et- If thi 

were the case, the ean.f. of self-induction, — L^, would also be 

infinite and sparking would result at the trailing edge of the 

R T 

brush. Therefore, , muM in general differ from unity. 

2. Inspection of Fig 218a shows that in case of overcom- 
mutation the final rate of change of current in the coil is positive 
in sign; since this condition of overreaching is to be avoided, 
the rate of change of current should alwa^'s be negative, hence 
the numerator and denominator of equation (6) must be of 
the sjune sign. If, then, 

^ > 1, (7) 



it follows that 



and if 



Et < UR + 2/?k) (7a) 



RhT 



it must follow that 



r < • '« 



Et > /ol/? + 2/?6) (S^) 



In the exprcssons (7«) and (So) the term io{R + 2Rb) is onl^ 
slightly greater than 2io/?6, which represents the drop at t^^ 
brush contact, and this is usually of the order of 1 volt wi^ 
average carbon brushes. Et can only be less than this vali^ 
when the brushes are set very close to the neutral axis; bi^ 
since many machines are required to operate with the brushy 

in a fixed position close to the neutral axis, it follows that ii 

R T 
such cases the relation !^ > 1 is the condition to be satisfieC 

to insure good commutation, and it is accordingly this relatior 
which is most commonly given as the all-important criterion 
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for sparkless operation. It is quite clear, however, from the 

H T 
pair of relations given by (8) and (8a) that —j- may be less 

than 1 provided Et is sufficiently greater than the brush contact 
drop, and this is the case that actually occurs in high speed 
machines of large capacity such as turbo-generators; for in 
machines of this type the duration of the commutation period, T, 
is short and the inductance L is comparatively high because of the 
relatively long armature core. In such cases it is necessary 
to make Et sufficiently large by the use of commutating poles, 
thereby definitely controlling the flux density in the neutral 
jone and consequently the e.m.f . generated in the short-circuited 
element. To simi up, the pair of relations (7) and (7a) holds 
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Fio. 222. — Sinusoidal commutation. 



for the case of resistance commutation, where there are no special 
auxiliary devices; while (8) and (8a) relate to voltage commuta- 
tion where special devices are used. 
3. The final rate of change of current will be zero, f.6.. 



^di 



if ' 



\d J i^r ^' 



Et = io(R + 2Rt) 



(9) 



in which case the conditions for good commutation will be favor- 
able. This state of afifairs is shown in curve 6, Fig. 218. 

Ii5. Modified Form of Sparking Criterion. — The condition 

RbT 
f~>l can be put into another form which has a simple physical 

19 
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interpretation; multiplying both sides of the inequality in- 
2iJ.'T, we have 



2.A > 



2<'„ , 



lit/' 



L 



The term 2ii,Ri is the drop of potential at the brush contaei sur- 
face and is usually of the order of 1 volt with carbon brushes. 
The term 2ia/T is the average rateof changeof current during 
commutation, hence e, = 2ioL/T is the average reactance voltage, 
or average e.ra.f, of self-induction. It follows, therefore, lh»t 
er< 1 is the condition to be satisfied. 

The criterion flfcr/L > Ishowsthat thebrush contact resistance 
Kfc and the time of commutation T must be large, and that L must 
he kept small. This accounts for the fact that carbon brushffl 
are ordinarily superior to metal brushes, since the former hsve 
the larger contact resistance. 

The self-inductance L can be kept within limits by designiiig 
the elements with a small number of turns, the inductance being 
proportional to the square of the number of turns; in largj 
machines the elements are designed with only a single turn; 
ordinarily the number of turns per element should, not exceed 2 
or 3, though in railway motors the number is frequently 4 or 6. 
Furthermore, since the value of Lis determined by the number of 
flux linkages per ampere of current in the coil, L can be kept doffu 
liy limiting the axial length of the armature; this means, for a 
given capacity of machine, a relatively large diameter, hence the 
possibility of using a large commutator, a correspondingly large 
number of segments, and a small number of turns per segment 
and per element. 

It would appear at first glance that an increase in brush widtl> 
would give good results because of the increased value of 7*' 
But ',his apparent advantage is offset because of the fact that tht7 
wide brush simultaneously short-circuits several additional coil* 
whose mutual inductance is equivalent to an increase in tbesolf- 
inductance of the original coil (see Art. 154). 

The criterion R^T/L > 1, or e, = 2ioL/T < I is frequently ex- 
pressed in a still diffferent form. H. M. Hobart has proposed a 
method which assumes that the commutation curve {Fig. 218<f) 
is one-half of a sine curve of period 2T, as indicated in Fig. 222, 
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( maxiiniim ordinate being ioi whose equation, referred to 
gin O, is 

. . 2irt 

t = lo COS 22? 
tie instantaneous value of the self-induced e.m.f. is then 

Ad its maximum value, which Hobart calls the reactance voltage, 
s 

Bence, if Cr < 1, ema« '^ 1.57. As usually stated, however, 
€.«,< 2. It follows from the previous discussion that if 6r> 1, 
or eMx^ 2> the commutating e.m.f. must be so adjusted that 
Br>io(/2 + 2/26). 

146. Linear Commutation. — Equation (5) can be utilized to 
determine the conditions necessary for a uniform transition of 
the current from its initial to its final value. Thus, in case of 
linear commutation, curve c. Fig. 218, the current i at any instant 
t ia given by 

. . 2io , . T -2t 

* = »o jft = to — y — 

and di _ 2h 

dt T 

I 

: Substituting these values in (5), there results after some trans- 
formation 

^c = io[Y-f (r-2o] (12) 

It follows from (12) that when 

t = r, Ec = ET = io(^ +r) 

In other words, the commutating e.m.f. must not only vary as 
a linear function of the time, as shown by equation (12), but it 
must also change with the load since it is directly proportional 
to io. It follows, therefore, that if conditions for perfect linear 
commutation were satisfied for one particular load they would 
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not be satisfied for other loads, without special coireetiTe 
devices. 

An mteresting consequence of linear oommutation is that tbe 
current density at the brush contact is constant. Thus, refening 
to Fig. 221, 

ti = to + t 
i« = to — i 



and if 



it follows that 



t = to — W- 



T — t 

t'l = 2zo — «f— 



it = 2to 



. t 
f 



n 



But the contact areas Ai and At are given by 

Ai = A — y— 

Ai = A y 

where A is the total brush area; hence the current density is 

i\ it 2to 



Ai 



= constant. 



-2 



(13) 



It can also be shown that the ohmic loss due to the resistance 
of the brush contact is a minimum in the case of linear commu- 
tation, that is, when the current density is uniform. For let it 
be assumed that the short-circuit current in coil C, Fig. 221, is 
not linear; in this case the actual non-linear current can be 
thought of as made up of a linear current, t|, and an extrft 
current, t'x, where the latter may have any general form. I* 
follows then that 

and 

^'l = h) + / = /o + il + in 

^2 = io — i = to — il — ix 
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;*be contact resistances at the areas Ai and A 2 are, respectively, 

T 

iknd 

and the ohmic loss at the contact areas is 

We = ii*Ri + ii^Ri 
Substituting for ii, t's, 72 1 and Rt, and remembering that t| = 
to — m — , we find that . 

= 4io»/26 + is^R, ^i^ijY) (14) 

from which it follows that the loss is a minimum if i^ = 0, i.e., 
i{ the commutation is linear. 

147. The Current Density at a Commutator Segment. — 
General Case. — The uniform current density over the brush 
width that is characteristic of linear commutation means that 
the drop of potential across the contact surface is everywhere 
the same and, therefore, that there are no differences of potential 
along the brush contact (in the peripheral direction) to be 
equalized by a flow of current. It follows, then, that if such 
inequalities of potential do exist, or tend to exist, extra currents 
will flow along the brush and complete their paths through the 
fihort-cireuited coil or coils, thereby giving rise to non-linear 
short-circuit current curves and a non-uniform current density. 
Of course, the potential differences which produce the extra 
currents are due to the fact that the e.m.f. generated in the 
short-circuited coils differs in form, as a time function, from 
that which would produce linear short-circuit current. It is con- 
sequently important to determine in what manner the distribu- 
tion of ciurent density is affected by a non-linear short-circuit 
current. For this purpose the following graphical method, due 
to Professor Arnold,^ may be used. 

Consider, for example, a case where the brush width is 3.5 

^ Die GleichBtrommaschine, Vol. I, p. 438, 2nd ed. 
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times the width of a commutator s^ment, and let it be assumed 
that the current density at any given instant is the same over 
the entire area of that part of the segment covered by the 
brush. Assume also that all the coils successively undergoing 
commutation have identical short-circuit current curves. The 
current density at a particular segment S will then change from 
instant to instant as it passes under the brush. Three distinct 
phases of its motion may be recognized: 

1st, the segment approaches the brush, 

2d, the segment is covered by the brush, 

3d, the segment emerges from the brush, 
as shown in Fig. 223, parts a, 6, and c, respectively. 

Phase 1. — The current crossing from segment S to the brush is 

ii - ii = to - ii 

the upward direction of current through the segment being 
taken as positive. 
Phase 2. — The current crossing from segment S to the brush is 

ti - ti 
Phase 3. — The current crossing from segment S to the brush fa 

ii - ii = it + io, 
since in this position coil .4 is carrying current from the left- 
hand branch circuit, t.c, t'l = — iV 



T 



Si 

JUJLmLcUJL 



i 



JUJUOiLtidlJ, ^ __._ 

a 6 fi 

Fig. 223. — Successive phases of short-circuit, wide brush. 



JtkJjO^iXjJjLL 



In Fig. 224, curves C^ and Cb represent the short-circu^ 
current curves of coils A and B, respectively. They are draw^ 
in their correct time positions with respect to the edge 1 of thC^ 
brush, the line 00' being the axis of their ordinates; in the posi^ 
tion shown in the figure the first phase of the motion of seg- 
ment S is just beginning. 
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"cl to the left a distance X\ 
' M ab, and the current 




I.I I'll 



■sJW 

< 'urn-Ill ilcimity at s scsmrnl. 
liiii- Mh and produce it until it cuta the 
' ^ii th(> iH>int d, then 
he _ Pd 
Mc MP 

'" is ji constant length, Pd is proportional to the 

'■>■ at scjtment iS. Projecting the point d across 

'"' •-iirn^nt ilensity corresponding to the abscissa Xi. 

' ■ :i|iptircnt from this construction that a too rapid 

' i-:il of the current in a coil (overcommutation) may 

VI ^sive current density at a segment us it pusses under 

:lii- si'contl phase, or afU'r a travel of llie coniniutator 
il I'V Xi, the curn'nt ucniMs segment iS', i.e., ij — ij, 

iintlly by tlie iiiten-epl fy lietween curves ^'.^ and Vf,. 

riept is also proiKirtionul to the current density to the 
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During the third phase of the motion, or after a travel indi- 
cated by Xzf the current across S is 

1*2 — u = 1*2 "h io ^ At 

At the same time the length of the segment still in contact 

with the brush is kQy hence the current density is proportional 

hk 
to jTjQ, or, to the scale previously adopted, it is represented 

by IN = mk. The point I is found by drawing the straight 
line QM. 




Aver.D^naity , 
Point 3 1 



A Ter.Demity 



o' 



Fio. 225. — Curves of current density at BOgments. 



Continuing this method for several points in each of the three 
phases of the process, the current density curve affyS of Fig. 
225 is obtained. For convenience, the ordinates representing 
current density have been drawn upward with respect to the 
axis 00\ Similar curves, a'fi'y'5' and a"fi"y"b", etc., show 
the variation of current density of segments S' and S", etc., re- 
spectively, and to the same time scale as that of curve afiyb, 

148. Variation of Local Current Density at the Brush. — Ex- 
cept in the case of linear commutation, the current density 
is not the same at the same instant all along the arc of con- 
tact of the bnish, nor does it remain constant at any given point. 
For instance, in Fig. 225 consider the point 7 of the brush, which 




COMMUTATION 



lout to make contact with sogment 5'". At this instant 
(©nt density of segment S'" is ab, as read from curve 
I thereaft€r, until S'" has moved from under the point, 
pent density changes in accordance wi(h curve bd; seg- 
f then comes under point 7, the density rises suddenly 

to ec, the point e being on curve a", and again falls off to 
K gf. The curve eg is, of course, the same as bd; in other 
pie current density at a given point in the brush varies 
iftlly. In precisely the same way the saw-tooth line 
|Bps at S, 8', &", etc., represents the variation of current 

at point 3 of the brush. 

) average current density is found for various points along 
ish, the results when plotted give the curve 1'2'3'...8' 
226. This is the curve of 
[local current density that 
^ds to the curve of com- 
i& MN or PQ of Fig. 224. 
ftdily apparent from Fig. 
tthe local current densities 
ffer considerably from the 
1 current density of the 
■ a whole. 

Further Examples. — Using 
fre methods, curves of cur- 
" rity have been constructed 

J types of short-circuit current curves. They are shown 
L227, a, b, and c. The case of linear commutation is not 

ince it is ob'vious from the previous analytical discussion, 

Bfrom the geometry of the construction, that the current 
) the same at all times both at the segments and at 

[nt of the brush. 

(27a and 6 represent cases in which the rate of change 
kt is too great during the initial stages of the commuta- 
This result.^ in correspondingly great current densi- 
B commutator segments as they come under the brush, 
J average brush current density near the heel. In Fig. 
loverreaching of the current in the coils causes a reversal 

b" of current ut the receding segments. Fig. 227c shows 

It uudercommutation, with consequent reversal of direc- 




iiiB brush. 
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Fiu. '2:l~. — Cuivea of current dcnsily at iwgmenti) and brusltes. 



n at the heel of the bnish and excessive liensitics near the end 
1 the commutation period. 
150. Simultaneous Commutation of Adjacent Coils.— Inae- 

iiiiich as the process of commutation in a coil is affected by the 
niulual induction of neigliboring short-circuited coils, it is 
important to be able to predetermine the number and relative 
positions of those coils in the same neutral zone which are 
simultaneously short-circuited. In the case of the simple ring 
winding heretofore considered, all coils in the same zone are 
short-circuited by a single brush; if b ia the brush width and ^ the 
wiiith of a commutator segment, the ratio b/fi fixes the number 
of roils short-eircuit*d at the same time. This ratio is generally 




Fiu. 228. — SimultaiieouB short-ciri^Liit of clcmenla of lap winding. 



■ mixed number, and the actual number of coils short-circuited 

■ill vary alternately between the two integers Ij'ing on either 

I'll' of it. In lap and wave windings, however, the conditions 

Iff as a rule not so simple, since in a given neutral zone some of 

I Ihe conductors are short-circuited by a brush of one polarity, 

I others by a neighboring brush of opposite polarity, as illustrated 

I W Fig. 228. The diagram represents a duplex lap winding 

^k baving the following constants: 

Hz=122 S = 61 p = 6 a = 12 



- = 2 yi = 23 j/j = - 19 



= 2.5 

p 

It is clear from the figure that in the position shown, conductors 
1 and 4 are simultaneously short-circuited; a moment earlier 
'■finductors 1,- 3 and 4 were short-circuited. The successive 
combinations of short-circuit«d coils can be conveniently studied 
riff means of the following graphical method, due to Professor 
" lid.' 
[£w GlcjchMlmniniJiHi'lijm', Vol. 1, |i. ^.^-I, 2nil eel. 
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1. Lap Windings. 

It will be observed that in the winding here selected brushes 
Bi and B^ are not identically situated with respect to the seg- 
ments of the commutator in contact with them. This is a 
consequence of the fact that S/p is not an integer. 

Coil edges 1, 3, 5, etc., drawn in full lines to indicate that 
they occupy the tops of the slots, are connected to commutator 
segments which are correspondingly numbered in the top row of 
figures. The other sides of the same coils, whose numbers are 
1 + !/i> 3 + j/i, 6 + j/i, etc., are connected to segments which 
are numbered 1', 3', 5', etc. {i.e., dropping the term yi and 
priming the numeral) in the bottom row of figures. A coil wiD 
then be short-circuited when the brush Bi is in contact with any 
pair of segments which bear the same numbers. A similar 
arrangement is indicated in the case of coil edges 2, 4, etc. 

Now, coil edge 2 is connected to one on the left which is 
separated by a pitch j/i from 2, and by yi — 1 from 1. Segment 2 
is therefore separated from 1 by J^ (yi — 1) segments. But 
brushes B2 and Bi are separated by S/p segments, hence the 
relative shift of segments in the vicinity of Bt with respect to 
those at Bi is 

A = p - M(yi - 1) (15) 

and is toward the left when A is negative, toward the right when 1 
it is positive. In the case considered in Fig. 228, A = - H- 
The simultaneous action of the two brushes can now be studied 




Fio. 229. — Diagram showing coila simultaneously short-circuited — lap winding- 



by means of a diagram like Fig. 229; take a strip of paper cut to 
the width of the hatched area to represent the brush and slide 
it between the two commutators; when it touches segments simi- 
larly numbered, the corresponding coils will be simultaneously 
short-circuited. 



Pb- *^ 
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2. Wave Windings, 

yig, 230 represents a portion of a duplex wave winding having 

e following constants: 

Z = 122, S = 61 p = 6 a = 4 



y = yi = y« =* 21 



1-2.5 



]n the position shown, coil edges 122, 1, 2, 3, and 4 are short- 
suited. 




im'<«'i.-i Mill! I i »>i »i I I I I I I i >i«r«i I I I I I I rivr. 



^i -A, Bt At 

Fio. 230. — Simultaneous short-circuit of elements of wave winding. 

dumber the segments connected to coil edges 1, 3, 5, etc., with 
responding numbers, and the segments connected to the 
ler sides of the same coils 1', 3', 5', etc.; similarly with respect 
the other coils occup3ring the same neutral zone, as 2, 4, 6. 
brushes Ai and A 2, which are of the same polarity, are not 
lilarly placed with respect to the segments in contact with 

jm. The brushes are separated by 2S/p segments, while the 

2S 
h of an element are separated by y = — ± m segments, 

lere m = a/p; segments 1', 3', 5' are therefore shifted with 
ipect to i4i by an amount mjS, as compared with the relative 
sitions of segments 1, 3, 5 with respect to brush Au The 
ft is to the right if m is positive (as in the case illustrated), to 
) left if m is negative. The short-circuiting of these elements 
1 then be shown by drawing two commutators one above the 
ler, as in the upper part of Fig. 231. 

)bviously, brushes Bi and B2, and the segments in contact 
h them, are related to each other in the same way as are Ai 
I Ai. Now Bi is separated from Ai by S/p segments, while 
nent 2' is separated from segment 1 by }i (1/1 — 1) segments. 
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Thp displace me nt of segments 2', 4', etc., with resptict to B,, 
upared with that of segments 1, 3, 5 to Ai, is then 



„ - M(». 



■I) 



and is to the right if A is positive (in the winding considered 
A = + H)i to the left if it is negative. The complete relations 
are shown in Fig. 231. 

If a strip of paper whose width is equal to that of the brusii 
is moved across the fictitious commutators represenlod by J., 
At, Bi and Bj, it will touch a series of similarly nimibered seg- 
ments and the corresponding coils will be simultaneously short- 
circuited. 

161. Successive Phases of Short-circuit in Coils of a Slot— 
The method described above may be used to invostlgaU; the 
order in which the coils occupying a given slot undergo com- 
mutation. Two distinct cases may be distinguished: 
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Fio. 231. — Diagram ebowiugcuiUsimultaDeouBly short-circuited — wave winding. 

1. Coil edges lying in the same radial plane (one alwve the 
other) enter and leave short-circuit simultaneously. 

2. Coil edges lying in the same radial plane enter and leave 
short-circuit at different times. 

Case 1. — If the coil edgea are numbered in accordance with the 
system described in Art. 73 of Chap. Ill, and illustrated in 
Fig. 86, coil sides 1 and 2 of a two-layer winding will occupy ibc 
same radial plane, ant! so also will 3 aiwl 4, 5 and 6, etc. Refer- 
ence to Figs. 229 and 231 shows, therefore, that if coil sides 1 and 
2, 3 and 4, or, in general, any two in the same radial plane, are 
to enter and leave short-circuit simultaneously, there must be 
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Tit» fi is pi a cement between the correspondinftty numbered com- 
mutator segments; in other words, the condition to be satisfied 
is that 



}2 (yi - I) = 



2,S 



+ I 



(16) 



For example, consider the case of a simples tap winding having 
six coil edges per slot, a brush width of 2} 2 segments, and 
A = 0. With the help of a diagram like Fig. 229, but with A 
made equal to zero, it is readily shown that the aucceaaive phases 
of the short-circuiting of neighboring coils will follow the order 
shown in parts a, b, c, etc., of Fig. 232, where the shaded coils 
indicate short^ircuit conditions. During a brief interval the 
condition shown in diagram c will exist, that is, all the coil 
rdges in a slot will be simultaneously short-circuited; a little 
latRr, as in diagram e, six coil edges are again short-circuited, but 
' "ir are in one slot and two in the next slot. 

\ study of Fig. 232 shows that when coil edges 1 and 2 leave 
' 'fi-circuit they are subject to the effect of mutual induction 
'rum the simultaneously short-circuited coils 3, 4, 5 and 6, all 
"' which occupy the same slot. When coils 3 and 4 leave short- 
inuit they are subject to the mutual induction of coils 5 and 6, 
"hirh are in the same slot, and of coils 7 and 8, which are in the 
iifxt alut; obviously, because of this separation of the short-cir- 
■iiitcd group of coils, the inductive effect upon coils 3 and 4 will 
ill' smaller than in the case of coils 1 and 2. Similariy, when 
"lis 5 and 6 leave short-circuit they are act^'d upon by the mutual 
induction due to the simultaneously short-circuited coils 7, 8, 
and 10, all of which are in the slot adjacent to that occupied by 
5 and 6, hence the inductive effect upon these two coils is still 
less than in the case of coils 3 and 4. The commutating condi- 
tions are, therefore, not the same in all of the winding elements, 
nod tboir short-circuit current curves will have different fonns. 

An additional disturbing feature arises from the fact that when 
the Bucceasi ve coils of a slot, as 1-2, 3-4, 5~G, of Fig, 232 break con- 
tact with the brush, they are not identically situated with respect 
I' tho sdjovent pole tip, consequently the e.m.fs. generated in 
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each of them during the final stage of the short-circuit (bycutlffl 
through the fringing field) will be diflferent. This is due t« 
fact that the successive commutator Begments are evenly fpi! 
while the coils, being grouped in slots, are not. Thus, i: 
232, coils 1 and 2 are ahead of 3 and 4, etc., with respect to 
direction of rotation, and their short-circuit tennmatea^ 
they are in a weaker fifeld than that which acts upon 3 a 
the latter leave short-circuit. Similarly, coils 5 and 6 leave sbcrt 
circuit when they are subjected to the action of a still stronpi 
field than that which acts upon 3 and 4. If, therefore, thewra- 
mutating e.m.f. acting upon coils 1 and 2 is just suffirii'iitW 
overcome the e.m.f. of self- and mutual-induction thena, " 
will be more than sufficient to balance the smaller inductive fi'"" 
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in 3 and 4, and much too great in coils 5 and 6. In the latter co 
there will be a condition of overcommutation, and under th 
circumstances every third commutator segment may bcco 
blackened because of the possible excessive current density, 
order that there may be no marked difference between the f 
intensities acting upon the various coils of a slot while they 
undergoing commutation, the angle subtended by a slot aht 
be small. For this reason the number of slots per pole shi 
not be less than 12, and preferably greater than 12, and 
angle subtended between the edges of a brush should not exi 
one-twelfth of the angle from center to center of the i>oles.' 
'Gray, Eloclrital Machine Design. 
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The order of commutation illustrated in Fig. 232 can occur 
only in full-pitcii windings, since it is in such windings that the 
back pitch, y,, is made nearly equal to 2S/p. Chord windings 
(fractional pitch) are, therefore, characterized by the condition 

Case 2. — It follows from the above analysis that the second 
case arises when A$0. An interesting variation of this case 
occurs when A = 1, that is, when 
2S 



■ 1 



(17) 



rhus, if a winding has pitches that aatbfy equation (17) and is 
firrauged so that each slot contains six coil edges, the brusli 
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FiQ. 233.— SuCFCBHive phosea o( Bhorl-nrcuil in ndjudpnt coils, A = 1. 

■1 1'ii.h being 2}^ commutator segments, the order of commutation 
■: rvdjacent coils will be shown in Fig, 233. In this particular 
ii% pairs of coils like 2 and 3, 4 and 5, etc., enter and leave 
■ irt-circuit simultaneously. 

152. Selective Commutation in Wave Windings.— A study of 
If simplex wave winding shown in Fig. 80 (p. 121) will show that 
i hv several brushes of one polarity are connected to each other 
[lilt only by an external conductor but also through the winding 
liv way of the coils that they short-circuit. The figure also shows 
llmt the resistances of these internal paths are not equal because 
of the varying areas of brush contact; further, the short-circuited 
joite are not at any instant identically located with respect to the 
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frinKinp; fields through whicih they are moving, hence the e.in.ff. * 
generated in thorn by rotation througli the field, though smill 
are not the same in any two of tlieni. Both of these facts m | 
responsible for an unequal division of the total armature current 
between the several brushes. The unequal componentfl o 
total current shift from brush to brush in cyclical order, in such & 
way that Kirchhoff's laws are continuously satisfied. This shift- 
ing of the current values at the brushes in the case of wave wIdiI- 
ings is called selective commutation. 

163. Duration of Short-circuit.— In the case of a simple rinn 

winding the duration of sborl- 

^ "f V V circuit is simply the time n- 

[. g j| , I b J, rjuired for a given point on the 

commutator to move through 
an arc equal to the width of u 
brush. But it will be seen from 
Figs. 229 and, 231 that this 

no. i.n. — uiagram snowing Quraiion - , , ,- , , i, U 

of short-cirruii. Simple relation does not tiolo 

in lap and wave windii^, aia« 
a coil is short-circuited only when similarly numbered segmenls 
are simultaneously touched by the brush. These segments 
being displaced with respect to each other, the time of short- 
circuit may be either greater or less than in a ring winding. 

Consider the case of a multiplex lap winding. Fig, 234 (drawn 
to represent a duplex winding); the distance between corre- 
sponding edges of similarly numbered segments will be m? = 

•B, where B is the width of a segment. Short-circuit of coil 1 
P 

will endure while the edge m of the brush moves from position 
p until edge n reaches q. When n is at q, m will be at p', henw 
the short-circuit exists over the distance from p to p', wbi<^ 
equals J 

6-(mS-«-t + (i(l-2) ^ 

The time of short-circuit is then 



(18) 



where r^ is the peripheral velocity of the counnutator. 



J 




' An exactly similar result is obtained in the case of wave wind- 
ii^ where the number of brush sets equals the number of poles. 
If one or more pairs of brush seta are omitted, the necessary 
correction can be applied by remembering that m/S, Fig. 231, is 
the displacement corresponding to the distance between a given 
brush and the next brush of the same polarity. Therefore, if 

some of the brushes are removed, the term mS = 3 in the 

P 
above equation for T must be multiplied by the number of 
double pole pitches in the region from which the brushes have 
been omitted. 

In simplex lap windings a/p = 1, hence T = b/v,, or the same 
as in a ring winding. T is less than this in multiplex lap wind- 
ings. In wave windings, on the other hand, T is greater than 
in a ring winding, other things being equal, since a/p < 1. 

IW. Influence of Brush %idth upon Average Reactance Vol- 
tage, and upon General Commutating Conditions. — ^The ele- 
nipiitary relations discusMpd in Arts^. 143, 144, and 145 with 
reference to a simple ring winding were developed on the assump- 
tion that the brush has the same width as a single segment of the 
commutator, so that only one element is short-circuited at a time by 
pach brush; accordingly, the equations involve only the induc- 
innce of the coil undergoing commutation, since under the 
assumed conditions there is no mutual inductive effect upon it 
from neighboring coils. Bui in practice the brush width is always 
greater than the width of a single segment, consequently each 
coil as it undergoes commutation is affected by the mutual 
induction of simultaneously short-circuited coils as well as by its 
own aelf-inductance. The methods described in Arts. 147 to 153 
prov-ide means for determining the number and positions of the 
toIIb simultaneously short-circuited by wide brushes in the 
case of lap and wave windings, also the duration of the short- 
wrcuit period, and {provided the shape of the short-circuit current 
curve is known) the distribution of the current density under the 
I'nish. It remains, then, to amplify the elementary mathematical 
analj-sis so as to include the effect of wide brushes upon the 
nvprage reactance voltage of the short -eirciiitrd elements of lap 
and wave windings. 
It may as well be stated at the Iwginning that a rigorous treat- 




ment of the general case covering any type of winding i- 
practically impossible because there are so many interdependt;:* 
factors entering into the problem that the mathematical difficuluf- 
are insurmountable. Fortunately, however, it Ib a relative!'. 
simple matter to derive formulas that are sufficiently accur.it' 
to serve as a guide, and which err on the side of safety. 

Suppose, for example, that we consider first a simplex lap vim;- 
i'tg of full pitch having two cwl sides per slot and in which the bm'h 
covers only one segment. Each element has z = „^ turns. Tbf 
coil edges belonging to simultaneously short-circuited elemcnis 
will then lie one above the other, as indicated by the shadiot; io 
Fig. 235a. The inductive effect upon a given element, C, is 
influenced not only by the change of current within itself but 
also by the change of current in the elements C and C", portions 
of which occupy the same slots as C; with the type of winding 
assumed, and provided that the magnetic circuits linked with allol 
the poles are symmetrical, the short-circuit current curves of eb- 
ments C, C, and C" will be identical, and the rate of change of cur- 
rent ij] will be the same in each element at the sameinvluit 

The total inductive e.m.f. at any instant will then be (L + 230 Jj' 
where ZM is the summation of the several coefficients of mutiut 
induction, and the average reactance voltage will be 

e, = 2'^.+ '"I (H) 

which should be compared with equation {10). 

It is possible to evaluate the combined coefficient (L + Stf) 
by a method due to Parshall and Hobart (see Art. 145). ThWi 
let 1 

¥>, = uumlvcr of lines of force that link with each inch "' 
length of the "embedded" or slot part of coil C, p*' 
ampere-conductor of the group of conductors simultai*" 
ously short-circuited. 
and let 
<ff = number of lines of force lluit link with each inch 

"free" length of the end connections of coil C, p*' 
ampere-conductor of the group of conductors sim^'' 
taneously short-circuited. 



•j! 
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\ each alot of IcnRth I' there are 2z conductors each carrying 
irrpnt i, so that the flux linking one side of coil C isip. X I' X 
K i. In each group of end connections of length }^l/ there 
2 conductors, so that the flux linking one group of end con- 
tions is <pf X Jil/ X z X i; the total flux linking both sides 
i both end connections of coil C is double the aum of the 
ire fluxes, or it is 



■P = 2zi{2^.l' + 2^;/,) 



.e equivalent inductance {L + 1>M) is then the number of 
X linkages per ampere divided by 10', or 

+- SW = *f X 10-» = 2z^(2v.l' + 2*/i/) X 10-' henry (20) 

[periments made by Parshall and Hobart show that with 
erage slot dimensions ip, may be taken as 10 lines perampere- 
nductor per inch of core {or 4 lines per ampere-conductor 
r centimeter of core) and ipj as 2 lines per ampere-conductor 
r inch of free length (or 0.8 line per centimeter of free length), 
icordingly, if inch units are used, 

L+ XM = 22^201' + I,) X 10-» (21) 

Now let the brush width be increased until, let us say, the 
il sides in three adjoining slots are siinultancously stiort- 
ctiited, as indicated in Fig. 2356. The path of the leakage 
X surrounding the entire group crosses three slots instead of 
lyone as in Fig. 235a, hence the reluctance will be very nearly 
ree times as great since the reluctance of the iron part of the 
th is negligible in comparison with that of the non-magnetic 
itent of the slots; but the total m.m.f. acting around this 
kage path is also three times as great as before, hence the 
n&l flux linkii^ an element is very nearly the same as before 
HL + SA/) will have the same value as (21). On the other 
Qd, the duration of the short-circuit is likewise three times as 
ist as before, hence the average reactance is reduced to one- 
rd of the value corresponding to the winding of Fig. 235a. 
Consider windings like those indicated in Fig. 235c and d; in 
ie (c), where the brush again covers only segment, the leakage 
K ie only one-third as great as in case (a), and the period of 
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'•uiuiuiaiiun iri the ^itune, henee likt :i¥«ffa^ Ractmncsp voltage 
i> ontM-hircl that of («». Id case (d)^ the Icdkage fioxis 



/■ « 



lie d«uue a2» in (a; because both mjiLf. and vdnctance have beoi 
:u€rHibi>«nl in the ratio of three to one. wiiile the peiiod of com- 

tiuiaiiun la three times as great, hence the a^eiage reactance 
vuita^e is a||:ain only one-third of that et iaK 
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Fi^. i^- — Eife^.'t of brush width upon commatatioQ. 

r»v ;it»ove oonelu5ion5 may be summariaed in the formula 



er = 






T a f 

L ^ Z.V = 2zHm' + Ij) X 10-* 



(22) 



T = 



6 + «(l - «) 



t 

! 



I'c 



r 



m., 



i: 



111 I ho oa^^e of simplex lap windings, a = p, hence 

' - ,, X st^gments covered bv brush, where n = r.p- 

:ui N - total number of commutator segments; hence *^^ 
:i..^ ^ivvuil caiit\ and under the assumption of full pitch eleme^*^' 

z^nSiaiV + 0.051 f) 



l.;« \ 10-* 



(23) 



a X no. of segments covered by brush 
i!ul : Iviug in inches. In this formula, if the number of seg- 
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nieate covered by the bnish ie a mixed number (such as 2' 2), 
ihe number to be substituted is the next higher integer. 

If the shape of the slots departs materially from the average 
lypea used by Parehall and Hobart in their experiments, the 
cmpincul constant* used in the above computation of (L +-A/) 
will have to be modified. More refined methods for calculating 
L auii M are given in later articles in this chapter. But aside 
from this limitation it should be noted that in extending formula 
Q) to the case of wide brushes ghort-circuiting more than one 
ment at a time, the assumption was tacitly made that the 
^rrents in all of the coils simultaneously undergoing com- 
btitatiuD are at a given instant in the same phase of their varia- 
ion and that their time rates of change are also equal at all 
This is clearly not the case in reality, and to the extent 
'i> which the actual facts depart from these assumed comiitions 
'he formula will be in error; as a matter of fact the changing 
'urrcnts in the neighboring short-circuited coils have a more or 
Ifss differential effect upon one another, hence the results o( 
f'jrmula (23) are more or less poseimislic and therefore err on the 
^ide of conservatism. 

In the case of fractional pilch lap windings, some of the coil 
f'lJges in the simultaneously short-circuited group will occupy 
positions in the manner shown in Fig. 233, parts e, f, and g. 
e leakage flux crossing the slot portions of a given coil will 
refore be somewhat less than in the corresponding full pilch 
^nding, hence the average reactance voltage will also be lcs.«. 
r things being the same. It is difficult to summariEc all 
jCtlie possibilities Into a single formula; the best procedure is to 
itke Ruch a diagram as Fig. 233, selecting that particular group- 
which gives the highest value of leakage flux, and estimating 
e leakage flux in the same general manner indicated above for 
me case of a full pitch winding, or by using the more accurate 
methods of Arts. 160 and 161. 

In simplex vxive windings where only Iwo brushes are used, 
•■Mh bruah short-circuits p ^2 elements in series, as may be seen 
Irtim Figs. 78 and 80, Chap. ill. Accordingly formula (23) 
"'iwt be modified by multiplying it by p/2. or 
t^nSi. {I' + 0.05/,) 
■. scgnicnis covered by bru.sh 



^ 1.33 X 10-« 



(24) 
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In the ca:;^ of wave windings in which all of the p possibie 
brushi^ are useii, each element is separately short-circuited 
during the pt^rioil of commutation, and the p/2 elements com- 
prising the group short-circuited by brushes of the same polarity 
art^ in jvarallel instead of in series. If the current divided equally 
lH»t ween these p 2 elements, the average reactance voltage of each 
of them might Ix^ calculated from equation (23); but because 
of the so-calleii si^lecti\'e commutation in such windings, described 
in Art, 152, the a\-erage reactance voltage is higher than is 
indicateii by that equation: on the other hand, equation (23) 
involves a period of conmiutation, T, that is somewhat too small, 
equation (18) showing that in wave windings T is somewhat 
greater than in simplex lap windings, other things being equal. 
These two factors therefore tend to counterbalance each other. 

Summariiing the conclusions drawn from diagrams a, b, c, and 
(/, Fig. 235, it will be seen that the average reactance voltage is 
the same in cases 6, c, and d, and less in each of them than in case 
o. When the numlx>r of coil sides per slot is greater than two, 
as in cases c and d, an increase in brush width has no effect 
upon the avemge reactance voltage so long as the maximum 
numlx^r of simultaneouslv commutated coil sides does not exceed 
the numlx^r |x^r slot. But if the brush width is increased until 
the number of simultaneouslv commutated coil sides exceeds the 
number per slot (compare cases 6 and a), there is a decrease in 
the average reactance voltage. 

VariaUon of Potential Drop across Brush Width. — It has been 
shown in Art. 146 that ift^the commutation is linear the current 
density is uniform under the brush and that the loss of power is a 
minimum. If the commutation is non-linear it may be thought 
of as being the resultant of two currents in the local circuit, one 
of them following a linear law and the other a more or less com- 
plex law. The linear component combines with the main oi 
working current of the armature to form a single current that 
flows straight across the contact surface on its way to (or from) 
the external circuit. Accordingly, if the commutation were 
linear, the drop of potential across the contact surface would be 
the same at all points, and there would be no difference of poten- 
tial l)etween points on the commutator that lie under the same 
brush. But in case the commutation is non-linear, the extra 
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B equivalent to a circulating current within the local 
fbrmed by the short-circuited element and the brush, and 
[ this condition the drop of potential across the brush con- 
Ifll not be the same at all points. 

pa, in Fig. 236, suppose that one terminal of a low reading 
(Bt«r is connected to the brush holder and the other ia con- 
d to the ijoint of a lead pencil of medium hardness that can 

bhed successively to four or five equidistant points on the 
tator between the heel and toe of the brush. With the 
fD6 running at normal 
I, and with full load, 
lotted voltmeter read- 
hay give such typical 
B, or C. 
I B indicates a nearly 
im drop all along the 
f brush contact, hence 
'linear commutation. 
r A shows excesBive 
■md current density 
B heel of the brush 
i reversal of current 
it the toe, indicating 
ndition of overcom- 
tion (see Art. 149); 
C ia typical of 
-commutation, the 
at density being too 
at the toe of the brush. If a curve like A is obtained from 
terpole machine the remedy is to reduce the excitation of 

nmutating poii;; if the measurements give a curve like C, 

Ltation should 1m' increa-'ied. 
i. Relations between Commutatiiig E.M.F., Reactance 
ge and Brush Drop.' — It has already lieen pointed out that 
riTii/ipal coniiLiicm to be fulfilled in order to insure satis- 
y conimntatiiiii is that the generated e.m.f. in the coil 
: bl.uck'nt is advisBil to read a very oxoellent paper by B. G. limine, 
'sical Umitationa in D.-C. Commute ting Maohincry, Trons. A.I.E.E., 
XXIV., Part II, p. 1739 (1915). 
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undergoing commutation shall as nearly as possible neutralize 
the e.m.f. of self- and mutual-induction throughout the commu- 
tation period. Consequently, if the e.m.f. due to self- and 
mutual'induction can be estimated to a reasonable degree of accu- 
racy, and if this e.m.f. is found to be within limits that can be 
reached by the aid of such a device as a commutating pole, a 
possible difference between their values may, if it is sufficiently 
small, be absorbed in the resistance of the short-circuit path in- 
cluding the brush contact. On the other hand, if there is no 
special provision for generating a commutating e.m.f. in the 
short-circuited coil, as when the machine is required to oj)erate 
with a fixed setting of the brushes near the neutral point in the 
fringing field of the main poles, the e.m.f. of self- and mutual- 
induction must be within the limit that can be absorbed by the 
resistance of the brush contact and of the short-circuited coil 
itself, as explained in Arts. 144 and 145 for the elementary ca^e 
of a single coil. 

It is clear, therefore, that the brush-contact resistance plaj'S a 
very important part in the commutation process, particularly 
in large machines designed for heavy current output; for in such 
cases the brush-contact resistance is a large part of the resistance 
of the entire short-circuit path. In machines having relatively 
small current rating the cross-section of the armature conductor? 
is correspondingly small and the resistance of the coil and leacL^ 
l)ecomos eflfective in limiting the short-circuit current, so that 
here the l)rush-contact resistance is of somewhat less importance 
than in large machines. The greater the resistance of the 
brush contact, the greater may be the difference between the 
e.m.f. of self- (and mutual-) induction and the commutatinjl 
e.m.f., thereby enlarging the range of load within which commu- 
tation will l)e satisfactory. In general, the contact resistance of 
carl)()n brushes increases with the hardness of the material, k 
machine which fails to comniutate satisfactorily when fitted 
with soft l)rushes may sometimes l)c improved by substitutinji 
brushes of a hanl(»r grack*. 

The resistance of the brush contact is not constant, but ile- 
cr(»as(\s with increasing current and with increasing temiXTatun'. 
When the average currcMit (l(»nsity over tiie l)rush contact surface 
is ai)out 35 to 40 amperes i)er sq. in., the drop of potential at the 
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Kilact surface is from 1 to 1.25 volts with ordinary carbons, 
mi for hifcHcr values of current density the brush contact drop in- 
1 1 ;ises only very slowly. This is illustrated in Fig. 261, p. 343, 
'iaia for which are obtained by reading the brush drop for various 
current densities after temperature conditions have Iwconic 
3t4"ady; for example, if the cuirent density is suddenly raised 
from one value to a higher value, the brush drop does not im- 
mpdiately change in accordance with Fig. 261, but rises at first 
quite considerably and then falls to the value consistent with 
Fig. 2IJI. This is due to the fact that the temperature does not 
rise immediately to its final value, hence the contact resist- 
ance falls to the new value only after a considerable time. It 
follows, therefore, that a momentary overload of considerable 
tnagnitudc may occur without serious sparking at the commuta- 
tor because of this tendency to maintain the original contact 
resistance; but if the overload continues, the contact resistance 
will soon fall to a point where it is no longer possible to limit the 
short-circuit current in the commutating element, and sparking 
will then begin. 

It does not necessarily follow that commutation is eatisfactory 
In'cause of absence of sparking. The variation ot current in the 
!iort-circuited coil may be such that there is no sparking and 
'1 the current density may be excessive under certain portions 
I the brush, in the manner shown by curves A and C of Fig. 236. 
riie loss of power due to irregular distribution of current under 
the brush may not be serious so far as it affects the efficiency 
(rf the machine, but it raises the temperature of the commutator 
Md brushes, and this is detrimental for the reasons given in the 
preceding paragraph. Furthermore, excessive current density 
preventsthe development of the smooth polish of the commutator 
nnd of the contact surface of the brush that is characteristic of 
i,'i"id commutating conditions, and may result in pitting of the 
Itrush surface and blackening of the commutator. 

The fact that the contact drop at the brush surface increases 
'inly very slowly with increasing current density imposes a defi- 
uite limit upon the allowable difference between the commutating 
' m.f. and the reactance voltage. For example, if this difference 
2 volts, the circulating current under the brush will reach a 
_i'ue corresponding to a contact drop if about 1 volt, since the 
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current must cross the contact surface twice; but if the unbal- 
anced voltage is 3 volts, the circulating current will reach the much 
greater value corresponding to a contact drop of 1^^ volts. With 
ordinary- carbons, the brush drop will absorb an unbalanced 
voltage of from 2 to 2}^^ volts without excessive local circulating 
currents. 

Up to a definite limit, the difference between the commutatiDg 
e.m.f . and the reactance voltage will be equalized without spark- 
ing by the circulating current under the brush. The resultant 
current density ma}' at times reach values that will cause glowing 
of the brushes but without sparking; but beyond a certain con- 
centration of energy under the brush, sparking will result. 

The difference between the commutating e.m.f . and the react- 
ance voltage must be kept within proper bounds at all loads with- 
in the allowable working limits of the machine, from no load to 
the specified amount of overload. At no load there is no reactance 
voltage since the armature current is then zero (or very neariy 
zero), so that under this condition the commutating e.m.f. must 
be within the sparking Umit. 

In non-interpole machines the commutating e.m.f. is generated 
by the magnetic field in the interpolar space, and the intensity of 
this field is due to the resultant of the m.m.fs. of the field and 
armature windings which act in that region. If there were no 
saturation the commutating field would also be the resultant of 
the individual fields produced by the field winding and by the 
armature winding acting separately. In actual calculations this 
last fact is made use of because of its greater simplicity, and the 
disturbing effects of saturation must then be allowed for accord- 
ing to the judgment of the designer and his experience with the 
particular type of machine under consideration. The curves of 
flux distribution due to the field and armature windings can be 
determined by the methods described in Chap. V, and in the 
commutating zone will have the form indicated in Fig. 237. 
which represents the case of a shunt generator with a forward 
lead of the brushes. It will be seen that the strength of the com- 
mutating field decreases with increasing load, even if the field 
excitation remains constant, the change being unfortunately 
in the wrong direction inasmuch as the conunutating e.m.f. 
should increase with the load. If the armature is magnetically 
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a powerful, or if the brushes are not given a sufficient lead, the 
mmutating e.m.f. may even reverse under load, assuming as be- 
e that there are no special commutating devices present, 
t follows, therefore, that in 

Wnstant-speed generators and 

motors (if the separately excited 

iir shunt type, the commutating 

tiold and the e.m.f. generated 

iiy it decrease gradually with 

increasing load. This is shown 

ill Fig. 238a, from which it may 

the concluded that at maximum 
load (generally taken as 25 per 
cent, overload) the reactance 
voltage must be considerably 
li'ss than double the sparking 

f I order that the difference 
n reactance voltage and commutating e.m.f. may remain 
the sparking limit. On the ot her hand, in over-compounded 
tors the commutating e.m.f. increases with increasing load. 





5 V. illg?/ 




m tliat ill machines of this type the reactance voltage at maximum 
load may be more than double the sparking limit without intro- 
ducing difficulties. In either case, if the excess of the reactance 
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voltage over the comrautating e.ra.f, at 125 per cent, load is equal 
to the com mutating e.m.f. at no load, and the latter is within the 
sparking limit, the two e.m.fs. will exactly neutralize each other 
at approximately five-eighths of full load. 

The above discussioa explains the superior commuiating 
properties of over-compounded or series-wound genentlnrs. 
Furthermore, if the armature cross-magnetizing effect id the cora- 
mutating zone is ncutraUzed, and a commutating field is set up 
such that it increases proportionally with the load, the reactance 
voltage can be almost exactly balanced at all loads and ideal com- 
mutating conditions will result. These effects can be seciimi 
by the use of tjUerpoles or commutathig poles, which are plftwd 
midway between the main poles and excited by the armaliiri' 
current (see Chap. IX). 

In the case of wide brushes short-circuiting several coils, ti 
drop of potential at a given point on the brush contact surfut ■ 
as determined by a measurement such as is illustrated in FIk 
236, is not necessarily constant even under steady load condition-, 
but may pulsate in the manner indicated with respect to currmi 
density in Fig. 225. The voltmeter reading of Fig. 236 is tl: 
merely an average value. These pulsations result in higli !■ 
quency currents under the brush, and these currents must i'. 
limited by the contact resistance to safe values. They arc re- 
lated to the form of the short-circuit curve, and the latter is In 
turn dependent upon the various voltages in the coil undergoinR 
commutation. Experience seems to indicate that satisfactory 
operating results will be attained if the maximum e.m.f . generated 
in a short-circuited coil is limited to about 4 volts at no load. Re- 
ferring to the symbols used in Fig. 237, the magnitude of this no- 
load e.m.f., per element, is 



' 2S 



I'vBt X 10*^ 



where Bn is Ihc average strength of field in the coinmutating 
zone, Z/2S is the number of turns per element, and v is the pe- 
ripheral velocity in cm. /sec. This assumes that the coils are of 
full pitch, so that both sides are at the same time cutting fields 
of equal intensity. In the case of fractional pitch windings it 
is necessary to add algebraically the unequal e.m.fs, generated 
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Ea =^^ l'v{B,- B„)X 10-» 
r reservationa concerning chorded windinfts. 
, = „i./'uBo X 10-»<4volt3, 



jBvident from these considerations that the value of So, 
i density in the eonamutating zonP, must be sufficiently 
JDntrol to allow the brushes to be placed in a position 
jrill insure good commutation under all loads. To this 
( field strength in the neighborhood of the commutating 
I should shade off gradually instead of abruptly, a con- 
jAicb can be realized fairly well by making the air-gap at 
k tips longer than it is under the central part of the pole 

i 

pulsations of Commutating Field. — During the period of 
Ration the rotation of the armature periodically changes 
itions of the teeth and slots with respect to the pole 
iereby giving rise to peripheral oscillations of the arma- 
i: in the interpolar space. The changing current in the 
■cuited coils produces a further pulsation of the flux in 
jon. There may also be pulsations of the flux as a 
lue to periodic changes in the reluctance of the magnetic 
f the surface of the teeth presented to the poles does not 
tonstant. All of these effects are of high frequency and 
in the short-circuited coils e.m.fs. of rapidly changing 
n which are superposed upon the main e.mfs. considered 
Receding sections. They give rise to saw-tooth notches 
horl-circuit current curves. Obviously these pulsations 
reduced by using numerous small slots with few coil edges 

Reaction of Short-circuit Ciureat upon Main Field. — 
( Oner. — Let a and b, Fig. 239, represent the initial and 
Dtions of a coil undergoing commutation in a generator. 
Bt position the coil clearly exerts a demagnetizing mag- 
ive force upon the main magnetic circuit, while in the b 
action is a magnetizing one. If commutation takes 



jLbe action is 
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place, on the average, in the geometrical neutral, and if the 
circuit current curve ia symmetrical with respect to the poioli 
(Fig. 218}, the demagnetizing and magnetizing effects annul' 
other. But if the mid-point of the commutatiou period 
when the coil is in the gecmetrical neutral, antl the shorl-circuil 
current curve is not ayminetrical, one or the other of the im 
effects will preponderate. Thus, in the case of overcommutar 
tion, the current will have the direction of the b position duriM' 
the greater part of the time of short-circuit, hence there will (" 
a resultant magnetiziilfe action. In case of undercommutai"':: 
the resultant action will be demagnetizing. Obviously, thi i 
statements are to be reversed in the case of a motor. 

When a generator is rumiing without load, currents will li 
set up in the coils short-circuited by the brushes. The dirri- 
tion ot the current flow will depci. 1 
upon the direction of the field : 
which the coils are moving, iiiii 
therefore, upon the direction of ils 
placement ot the brushes. Willi 
forward lead of the brushes li 
current in the short-circuited <:'■■■ 
will have the direction shown in U;: 
b position. Fig. 239, and will then 
exert a magnetizing effect; a back- 
ward lead of the brushes will evidently result in a demagnetinmg 
action. The magnitude of these no-load short-circuit curreuw 
may be sufficiently great to materially influence the field flux, hencf 
also the experimentally determined open-circuit characteriBtie. 

If a generator is suddenly short-circuited at its main terminali 
when running with full excitation, the current in the coils undir- 
going conmiutation may rise to enormous values, and the induct- 
ance of the coils will tend to delay the reversal of this currefit, 
thereby producing a powerful demagnetizing effect. This will 
be particularly the case in commutating-pole machines. The 
natural effect of this demagnetizing action would be to weaken 
the main flux of the machine and therefore relieve the severity of 
the short-circuit; but the main flux of the machine represents a 
very considerable amount of stored energy, and this energy 
cannot instantly be changed. Consequently the main flux 





very slowly in spite of the largo dctnagnetiisinR action 
be coils undergoiug com mutation, and it follows that this 
agnetizing action must be neutralized by a correspondingly 
sly increased current in the main field winding. Looked at 
nother way, the coils short-circuited by the brushes are 
ctively related to the field winding in much the same manner 
re the primary and secondary windings of a transformer or 
ction coil. The sudden increase of current in the coils under 
)rushes caused by the principal short-circuitinducesa reflected 
ent impulse in the field coils. Since the resistance of the field 
ling has not been changed, the sudden increase in the exciting 
»nt will result in a marked rise of voltage at the terminals 
le field winding, and this rise of voltage may be sufficient to 
;ture the insulation of the field 
ling. 

le voltage between adjacent 
its of the commutator is too 
arc may be estabhshed be- 

them. When this condition 
\a from segment to segment be- 
in brushes of opposite polarity it 
luivalent to a short-circuit of the 
re machine, and is called a flash oiemeins. 

Flashing over may occasionally 
aused by a dirty commutator, but is due chiefly to electro- 
netic conditions in the machine itself. 

he sudden increase of armature current due to a short- 
uit or to an overload will be accompanied by a nearly pro- 
ional increase in the cross flux set up by the armature cur- 
;, Fig. 240. In the process of building up. this flux reacts 
jctively upon the armature winding with which it links and 
jces in the winding elements an e.m.f. proportional to the 
e rate of change of the current. The more sudden the in- 
tse of armature current the greater will be the induced e.m.f. 
he average value of the potential difference between adjacent 
nents is fairly high under normal load conditions, the addi- 
lal e.m.f. may cause a spark discharge between the tips of 
acent commutator segments and so provide an ionized or 
ducting path for the main current. This induced e.m.f. 
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wiU Iff: f^rfMfxi in the elemente locmtod Midwmj betavn the 
\fn»$hf:t:. In mairhinen that are oormallj flabfcct to heavy rariief 
fA earmnif sm in niotoni used to drire le i ciiiu g rofins mSK 
this tendeney to flash over may be rerj Btimm , and in such am 
sp^ial means must be em|doyed to rfiminatr the danscr. Us 
is aecomphshed by the use of eompenaatmg wmdingff which 
neutralise the armature cross flux, and which are described in 
Chap. IX« 
IW. Sparkuic Constants. — ^The c Apn a sBi op 

which has been shown to be of considerable importanee csn be 
put into another form involving the principal desigp eonstmU 
of the machine, and may therefore be used as a check upon the 
magnitudes of the constants selected before the design has 
proceeded too far. Thus, it has been shown that 

V, 

and 

whore F Ih a function of the dimensions of the machine. We 

hav(* uIho 

Z 



^ 2S 



and 



Ve = V 



(*coin 

d 



where 



AIho, 



V = p(»ripheral velocity of armature 
d = (lianieter of armature 
({^^^^ = diameter of commutator. 



'^^^ = n = ampere-conductors per cm. of periphery. 
rd 
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Substituting these values in the expression for c„ we have 



r 

Tne qi 



.-C„l'vq 



(27) 




iC quantity „ I'vq may be considered as characteristic of com- 

mutating conditions; it has an average value, using metric units, 
of about 20 X 10', In EngUsh units {I in inches, v m feet per 
minute, and q in ampere-conductors per inch of periphery) it 
becomes approximately 40 X 10°. 

169. The Armature Flux Theory.— The distorted air-gap 
fiux due to the magnetizing action A,„„iur>. 

of the armature current can be 
thought of as compounded of the 
iiuxes which would be produced - 
hy the field and armature m.m.fs. 
acting separately. Strictly speak- 
"ig, this is not exactly true when 
saturation of the iron part of the 
magnetic circuits exists, but it will 
*m'c as a first approximation to ^'" 
the truth. If, then, the brushes 
are set so that commutation takes place in the geometrical 
neutral, the short-circuited coils will not be acted upon by the 
field component of the flux, but the armature flux, being station- 
arj' in space, will generate e.m.fa, in them in exactly the same way 
llial the main flux acts upon the conductors under the poles. The 
state of affairs in a generator will be as shown in Fig. 241. This 
figure brings out the fact that the c.m.f. generated by the arma- 
ture fiux in the ahort-circuited coil is in the same direction as 
llie original current flow and therefore tends to prevent Ihe 
iliaired reversal of current. Evidently this e.m.f. must be 
Neutralized by an c.m.f. of opposite direction and somewhat 
greater magnitude in order that there may be a sufficient sur- 
pin e-m-f. to efi'ect the reversal. This reversing e.m.r. may 
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be obtained by shifting the brushes until commutation tak| 
place in a sufficiently intense part of the 6eld flux; or til 
brushes may be kept in the neutral axis and the armab 
m.m-f. wiped out by the opposing m.m.f, of an interpole or 
equivalent (see Chap. IX). 

A full treatment of the subject of commutation based on tin 
anal>-8is has been worked out by B. G. Lamme.' It has thea^ 
vantage that it emphasizes the physical phenomena invol?tl 
in the commutation process. It does not involve the expiit 
consideration of the e.m.fs. of self- and mutual-induction, thoiq) 
these are imphcitly involved in the e.m.fs. generated by cuttinj 
the stationary' armature flux. For example, in the paper 
ferred to there occurs the following statement: 

" According to the usual theory, during the commutation of tk 
coil the local magnetic flux due to the coil is assumed to be revnwtti 
However, in the lone in which the commutation occurs, certain of the 
magnetic fluxes may remain practically constant in value and direc- 
tion during the entire period of commutation. This is but one 
instance, of which there are several, to show where there is appatcril 
contradiction of fact in the usual mathematical assumptions mad<.- ][i 
treating tins problem." 

The reversal of the self-excited flux which is responsible for the 
e.m.f. of self-induction is not, however, a mere mathematical 
abstraction in the inductance theory; for while this flux does re- 
verse with respect to the coil, it does not reverse its direction in 
space as will be clear from Fig. 239, which shows a short-circuited 
coil in two successive positions, before and after the reversal o£ 
the current. This is a consequence of the motion of the coil. 
If, however, this self-excited flux is considered as producing ihr 
e.m.f. of self-induction, it should be eliminated in the computa- 
tion of the commutating flux; in other words, the latter is then 
to be taken as the resultant of the field flux and that part of the 
armature flux which ia due to the armature turns outside of the 
commutating zone. 

160. Calculatioa of the Self-inductance, L, in Slotted Arma- 
tures,— The aelf-inductance of a coil has been shown to be equal 

' A Thtory of Coiiimutation and Its Application to Int«rpoU MacbiDC& 
Trans. A.I.E.E., Vol. XXX, Part 3, ISU, p. 2359. 
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to the number of flux linkages per ampere, divided by 10^. In 

tease of an armature coil embedded in a slot, the self-excited 
linking with the coil may be separated into three 



1^; 



1. The flux crossing the slot from wall to wall of the teeth 

e completing its path through the core, as indicated by ^i, 
242. 
1^ 2. The flux passing from tip to tip of the teeth within the space 
Ifetween pole tips as indicated by ^2- 

f^ 3. The flux ipt linking with the end connections beyond the 
HlgeB of the core. 

W The number of linkages due to each of these fluxes will now be 
■omputed separately. 




Fio. 242. — Paths of leakage flux surrounding coil 

1. Slot Lsakaob Flux. — Practically without exception the 

hidings of all direct-current machines are arranged in two layers, 

side of each coil being in the top layer, the other side in the 

torn layer. The magnitude and distribution of the flux is 

ore not the same on the two sides of a coil, 
o. Coil Edge Occupying the Bottom of a Sloty Fig. 243. — The coil 

«^ contains z ~ ZJ2S conductors, whose total m.m.f. per unit 

. 4t . 
current is |7>« gilberts. The m.m.f. acting upon an elementary 

tube dx will then be 

4ir x_ 

10 a;^' 
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assuming that the lines of force pass straight across the slot. The 
flux produced in this elementary path is then 



d/i = 



4jr x_ 
10 h/ 
b. 



Vdx 



where V is the corrected length of the armature core, all dimen- 
tions .being in centimeters. The denominator of the above 
expression represents the reluctance of the air part of the path, 
that of the iron part being negligible in comparison. This flux 

X 

links with -.- 2 conductors, hence the number of linkages due to 
h\ 

it is 

\t tx \ * rdx 

10 Wi 7 6. 
and this may be reduced to henrys by dividing by 10*. 

4ir /x \ * Viz 



■■■^'»-i5(r.fxX'<^' 



The total number of linkages through the entire depth of the 
coil is found by integrating in x from to Ai or 



L lb — 



4ir z 



- I 



X ax jQ, z I gj^^ 



(28) 



4ir 



Above the coil the m.m.f . has the constant value j^ z. Within 

the region A2 the flux is uniformly distributed and has the 
b . magnitude 




-\ 



hi 









I i ■ < a «hA^t^^AiA^-^t^A^^^fa 



„", = 




4t 



Fi(}. 243. — Slot leakage flux, coil 
occupying l>ottoin of slot. 



and since it links with all of the 
conductors, 



4t 
r " — --27' 



(29) 



In the same way the inductances due to the flux in the regions 
At and hi are 
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b, + li, 
2*,i' 



The lolai inductance due to slot leakage is 

L„ - Va + L"u. + i"'ii + i"i. - 

iO' \3b.^ b.h. + h.^hj 

In the case of straight slots. Fig. 244a, 
t his reduces to 

I wit.h the shape of slot Fig. 2446 it 



2hi 



(34) 




6. Coil Edge Occupying the Top oj a Slot, 

[. 245. — Using the. same methods as in 

e o, the resulting expressions for Z-n are ^'°: 2M.— Coil occupy- 
mtical with those for Ln, except that h^ 



is replaced by 
ttot leak&ge is then 



The total inductance of the coil due to 

L, = L,6 + Li„ (35) 

or less than twice Lir,. 

2. TooTH-TiP Leakage Flux, — Assume that tlic lines of force 
from tip to tip of teeth are made up of a straight portion, 6n, 
and of two quadrants of circles, as in Fig. 240. The flux in an 
deiDetitary path dx is 

4t 

'''^' = b,-+jrx 

I'dx 
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hence the total inductance for both aides of the coil is i 



XHi 



dx 
ba + fx 



^,zn'X\M\«t„[l+\^ 



The cxprfwion (t — b) represeJits the distance bctweeoj 
tips and the superior limit of the integral is taken U) beM 
this amount on the assumption that the coils undergoing i 
mutation are approximately midway between pole tips. V 
of L- calculated by the above equation will be somewhi 
lai^e because no account has been taken of the effect ot t 
bonnji slot openings in reducing the flux-' 




Fm. 3*8.— Tooih-tip leak 



3. End Connection Leakage Flitx. — Various appro 
formulas have been developed for calculating the induet&i 
to the end connections. 

Niethammer' gives 



L, = zH, 



[o.4 logi 



/'A 



O.I 



] X 10-' 



where « is the diagonal of the rectangular coil section (i 
insulation between turns) and // (see Fig. 2426) is the to 
length per element. 

' The limit of integration used in the above equation has been' 
by numeruuB testa, and gives reeulls thalB|?ree fairly well with acta 
urementa. Arnold (Die Gleiehstroniinn.sehino) uses the entire p| 
tta the superior limit; Gray (Electric Machine DcsiKn) uses only 

I Elektrischc Moachinen Apparate u. Anlagen, 1, p. 139. Stut^ 
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ArnoM* gives 

L, =«'// [0.46 logiB (^) - 0.( 

= 2'//[o.461ogu(Jj') -0.23] X 10-' 

where d, is the diameter of a circle whose circumference equ&ls 
the perimeter of the coil section including the insutstioD between 
turns (see Fig. 247); i.e., 

Hobart calciiiatefi the end-conoection leakage on (he basis of m 
K of 0.8 line per ampere-conductor per cm. of free length. 




The total inductance of a winding element is the sum of the 
inductances due to the several parts of the leakage, or 
L = Li + L, + L. = 
4ir r/2A. k, + h,' Ah, 2h,\ 
10»^' LU. +^fcr^+6o + 6. bj ^ 

1.461og,» (1 +1-^-^)] + 10^ [0.4 log.o-/ - O.l] (39) 

PParshall and Hobart have piiblwhed' the results of measure- 
sils of the iiiiliictanee of armature coils of commercial machines 
1 which they deduce that, on the average, the flux linked with 
) coils is at the rate of 4 c.g.s. lines per am|ierp-condnctor 
[Dm Glcichtitniiuiiuuirliiiie, Vol. I, p. 37(i, 2ii'l e<I. 
l£Ieetrie Generators, 1000. 
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per cm. of embedded" length of wire (10 lines per inch), 
and 0.8 c.g.s. lines per ampere-conductor per cm. of "free" 
length (2 lines per inch). These values check fairly well with the 
results of the foregoing formulas when customary dimensioDsare 
inserted. Thus, consider a machine with straight open slots whose 

ratio of depth to width is 6 : 1 (Fig. 248) and in which —r— w 

approximately 10, which is equivalent to about five slots in the 

space between poles. 

Taking 2 = 1 and Z' = 1 cm., 

Lik=-^(H + ^)X io-« 

Lu = %(H + H)X 10-S 

or an average of jj {% + 1%) X 10-« = 3.05 X 10-«. The 
value of L2 for one side of the coil, with 2 = 1 and T = 1, is 

~ X 0.73 logio [1 + 15.7] X 10-« = 1.11 X 10-« 

or a total of 4.16 X 10"® henrys, corresponding to 4.16 lines per 
ampere-conductor per cm. of length. Parshall and Hobart*^ 
method is rapid and simple, but it is open to the objection 
that the designer must exercise great discretion in selecting the 
proper unit value of flux to fit the dimensions of his machine. 

161. Calculation of the Mutual Inductancei M. — The mutual 
inductance of two coils is equal to the number of flux linkages 
with one of them when a current of 1 ampere flows through 
the other, divided by 10*. 

The previous discussion of the simultaneous short-circuiting 
of several coils indicates that there are two cases to be considered: 
one in which the coils in question occupy the same slot, the other 
in which they lie in different slots. 

1. Coils Occupying the Same Slot. — In this case two dis- 
tinct conditions are possible: (a) the coil edges lie side by side; 
(6) the coil edges lie one above the other, or one in the top layer, 
the other in the bottom layer. 

(a) It is clear that if the coil edges lie side by side in the slots. 
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and therefore also throughout their entire lengths, there is no 
great error in writmg 

Af = L 

(b) Since the coil edges are in different layers, the end connec- 
tions run in opposite directions, hence the mutual inductance is 
due only to the slot and tooth-tip fluxes. 

In Fig. 249 the cross-hatched areas represent the two sides of 
a coil. On the left-hand side the inducing coil is at the bottom 

4t 
of the slot and exerts a m.m.f. of jxz gilberts per ampere on 

the elementary tube dx; the slot flux linkages are 




10-/ x\ . 4x ^,^, Al. ^ 4x ^,^, p A, ^ J^ J 






10 



6. 10 



126. 



I'dx 




I — ["T 



II 
II 
II 




Fia. 249. — Flux leakago paths, mutual inductance. 

On the right-hand side, the slot flux linkages are 



b. 



hi , h't 



*^10*' b, 10*' 126.^ fcj 



I'dx 

or the same as on the other side of the coil. 

The linkages due to the tooth-tip leakage flux are obviously 
the same as in the calculation of L. Finally, therefore, 

2. Coils Occupying Different Slots. — (a) Both Coils in 
the Same Layer, — In this case the sides of the coils will be parallnl 
to each other throughout their entire lengths, and the inter- 
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linked flux will consist of tooth-tip leakage flux along the em- 
bedded portion and end-connection flux along the free lengths. 
Considering the tooth-tip leakage first, coil edge 1, Hg. 250, 

acts upon paths surrounding coil edge 2 with a m.nLf. of 

4t 

Y^ z gilberts per ampere. In the tube dx the flux linkages are 

then 

4t 

10^ 



6o + T(t + x) 



Vdx 

and the mutual inductance due to this flux on both ffldes of the 
coil is 







Fig. 250. — Mutual inductance, coils 
in adjacent slots. 



'^^-P 




Fia. 251. — Mutual inductance, 
coils not in adjacent slots. 



M\t = 2 X 



10» 



zH' 




dx 



bo + x{t + x) 



10^"' V ^"g" 6. + rt 



(41) 



This value is somewhat too large since in carrying out the inte- 
gration continuously to the pole tips the effect of the slot openings 
is ignored. 

The mutual inductance due to end-connection leakage is diffi- 
cult to estimate. Arnold recommends taking it as one-half of 
the corresponding self-inductance of a single coil. On this basis 
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M"i2 = zHf [0.2 logio (^^) - 0.05] X 10-« (42) 

and 

Mx2 = M'i2 + M"u (43) 

When the coils considered are not in adjoining slots, but are 
placed as in Fig. 251, the above equations become 




^'» = 2 X j^. zH' I ^^T+T) 



4x ,,, 4.6 , ^' + 1^^ - *^ (44) 



and 



Jlf 



u" = J-O-a = z% [0.1 logiof^) - 0.025] X 10-» (45) 

3fu = M\i + M"« (46) 

It is not necessary to carry the computation beyond the case 
shown in Fig. 251 for the reason that the numerical values be- 
come relatively small and the brushes are seldom so wide that 
<^ils are simultaneously short-circuited in more than three 
consecutive slots. 

(5) Coils not in the Same Layer, — In this case the mutual in- 
ductances M'\2 and M'la, due to tooth-tip leakage, remain the 
same as before; the end-connection leakage reduces to zero 
because the coils separate and run in opposite directions after 
leaving the slots. Then 

.„ „, 4x „,4.6, '"> + l(^-^) (47) 

Mu = M IS = j^ zH' — logio 



10» IT ="" bo + Ttt 



and 



„ ' , 4x „, 4.6 , ^^■^l^'^-^) (48) 

These values are somewhat too large inasmuch as the effect of 
the slot openings has been neglected. 




FRtSClPLES OF DtRECT-CURREST MACHISEK 
PROBLEMS 

1. The Bhort-tircuit current cun-e of a ma^-hine is plotted lo miiI] :i 
K*]e that the ordinate ii (Fig. 218) is equal in length t« T, sad thf mr " 
itself is made up of cotnponmts one which ia linear and the other ii: a .^^nu- 
circle drawn on T as a diameter. By what per cent, does the energy los it 
the brush contact eieeed the energy loss of a similar machine in which w 
mutation is linearT What is the rate of change of the commutated currwl 
at the end of the period of commutation? 

S. The semi-circular form of the extra current of Problem 1 is Teplscol by 
a parabolic curve which has ccro value at the beginning and end of the eom- 
mutation period and which reaches a maximum value of t,/2 at the mid-pdnl 
of the period. Fmd the per cent, increase of energy loss at the brush na- 
iad over that due to linear commutation. What is the final rate of cli 
of the commutated current? 

3. Construct a curve showing the variation of current density at Itvf * 
points equally spaced along the brush contact arc for the case of a mtrliii"' 
which has a brush covering 2}^ commutator Begmenta and in which tlii 
short-circuit current cur\'e has the shape specified in Problem 2. 

4. The armature of a 4-pole machine has a simplex wave winding amuim^' 
in 47 slots, 4 conductors per slot. The commutotor baa a diameter of 8 in 
and the brushes are 1 in. thick in the tangential direction. Cauilnid 
diagrams showing the sequence of conimutalion in adjacent slots. 

5. The armature of a 10-pole machine has a triplex wave winding of IWI 
conductors arranged in 204 slots. The commutator hos G12 segment* aod 
a diameter of 51 Vj in,, and the brush thickness in the tangential direction ii 
1 in. Construct diagrams showing the sequence of commutation b tulj*- 
cent slots. 

6. The machine of Problem 4 nins at 1170 r.p.m.. and that of Prolilffn S 
runs at 100 r.p.m. Find the duration of the period of commutation in esrb 
ease, assuming (a) that all p sets of briishcH are used, (6) that only t«o 
brushes are used. 

7. The diameter of the armature of Problem 4 is 12 in., the total lenifth ol 
armature core is 5 in., and the slots arc 0.3 in. wide by 1.0 in. deep. Tl' 
conductors consist of No. 4 d.c.c. round wires placed one above the other 
The thickness of insulation at the bottom of the slot, and also that b<it"»« 
the elements of the top and bottom layer, is 15 mils. Assuming that the 
tnt.al length of the end connection joining consecutive conductors is Uirrr 
times the polo pitch, and that the pole arc is 70 per cent, of the pole pitrb, 
find the total indurtancc of an element, taking into account the mulu»l 
induction due to neighboring short-circuited coils. 

8. An armature has semi-closed circular slots of radius r om., as shown in 
the right-hand diagram of Fig. 52. Chapter 11. The opening at the lop ol 
the slot ia fi cm. wide and r, cm. deep, the center of the circular alol lieiof 
(r + Tj) cm. IjcIow the periphery. If the slot cont^iins « conductor 
tributed uniformly over the cross-SPction of the circle, what ia the indur- 
tanco due to slot leakage, assuming tfaat the lines of force pass straight 
across the slot (horiiontally in Fig. S2)l 



CHAPTER IX 

"COMPENSATION OF ARMATURE REACTION AND 
IMPROVEMENT OF COMMUTATION 

162. Principle of Compensation. — The cross or transverse 
iimj^netizing action of the armature current is the primary cause 
of the field distortion which in turn necessitates the shifting 
of the brushes and thereby brings into existence the demagnetiz- 
io^ action of the armature. Clearly, then, if the transverse 
magnetomotive force of the armature were balanced by an equal 
and opposite magnetomotive force having the sarbe distribution 
in space, the distortion of the field would be completely eliminated 
and brush displacement would be unnecessary except, possibly, 
to assist in commutation. Moreover, if the armature magneto- 
motive force is over compensated, there will exist in the neutral 
xone a component of flux having the proper direction to reverse 
the current in the short-circuited coils, and the brushes could then 
be permanently fixed in the geometrical neutral axis. 

If the ratio of compensating ampere-turns to armature ampere- 
turns is unity, nearly complete neutralization of the armature 
flux will result; if the ratio is slightly greater than unity, there 
will exist in the commutating zone a reversing flux which increases 
[iroportionally with the armature current (unless saturation of 
the iron of the magnetic circuit sets in) which is precisely the 
rondition necessary to secure good commutation at all loads. 
Ill either case, whether the above ratio is unity or greater than 
unity, the compensating winding must be traversed by the main 
■irmature current or a fractional part thereof; consequently the 
compensating winding is connected in series with the armature, 
aid may or may not be provided with a diverting shunt, as in 
the case of the series winding of a compound machine. 
*The problem of compensating armature reaction then consists 
of two parts; one, the prevention of the field distortion and the 
tOQsequent elimination of Ihc demagnetizing action of the arma- 
335 
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ture; tJie other, the production of a commutating e.m.f. for tin' 
purpose of neutralizing the reactanco voltage of the aburUir- 
cuitwi coils and reversing the current in them. Of these t«ci 
the lattor is the more important. 

163, Compensating Devices. — In a German patent granted to . 
MenRps in I8S4 there is the first exposition of the principle dI 
compensating armature reaction. The patent specifications 1 
call for the use of a stationary compensating winding wound 
armmd the armature at the sides of the poles and traversed by 
the armature current, or a part of it, in such a direction as to 
oppose the magnetizing action of the armature. Later, in IS(l2. 
H. J. Ryan and M. E, Thompson experimented extensively 
along similar lines and developed the method shown diagramuuit- 
ically in Fig. 252 for the case of a 
bipolar generator. The compen- 
sating winding is embedded in slds 
in the jxtle faces. The space dis- 
tribution of the compensating wind- 
ing being very nearly the same a* 
that of tlie armature winding, th« 
neutraliaation of armature reaction 
is practically complete. Since io 
the case shown in Fig. 252 the cur- 
^°' ^^^ .aUng'^rdii. '*""""" r^n* in t*i« armature conductors is 
half of the total current, the numbc* 
of turns in the compensating winding Hhould be half of th^ 
effective number of cross-magnetizing armature turns. In large'* 
multipolar machines the number of compensating turns per pol^ 
should be 1/a times the armature turns per pole, where a is th^ 
number of current paths through the armature. 

Fig. 253 illustrates the construction of the field frame of * 
machine of this type as built by the Ridgway Dynamo and Engine 
Company. The entire magnetic circuit is built up of sheet steel 
stampings, the main ring or yoke being clamped between cast- 
iron frames; the main pole pieces that carry the coils of the shunt 
winding are bolted to the yoke, and the cores that carry the com- 
pensating winding are held by the bolts which pass through the 
main poles and by the wedges which hold the eommutatmg 
lugs in position. These wedges also serve to reduce the cross- 
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fill of the maEiiotic path from jiolc (o polf, arnl so kcrp down 
nelic k'akagi'. 




k 254 illushalcs diaynmiuiatically a portion of the magnetic 
""' ' I machine embodying the above dcviei?. Under load 




)n8 the magnetomotive force of the compensating wind- 
•myi in the direclions shown hy the dotted hnes, assuming 
■tor action and clockwise rotation. Section q of the bridge 
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ie acted upon by two m.m.ts, having the name direction, but} 
flux is not materially increased on account of the initial satn 
tion of the iron; and section p is acted upon by two lu.m 
of opposite direction. The result is that the central tooth 
acted upon by a resultant m.m.f. which makes it a north i 
under the assumed conditions, hence it producer a local fieli 




the proper direction to assist the reversal of the current ii 
short-circuited coils. This effect is accentuated by making 
m and n somewhat larger than the others (see also Fig, 
and winding in them more than the normal number of 
ductors. The arrangement of the compensating winding 
main field winding is shown in Fig. 255. 
Closely akin to the Thompson-Ryan device is an arrangec 
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^\ie to Deri. Instead of using a field frame of the salient pole 
^'jype with the addition of a slotted ring, the field structure con- 
^iats of a slotted cylinder wound with two independent sets of 
^^ds and concentrically surrounding the armature, as indicated 
Fig. 256. The main winding, Af , produces poles whose axes 
indicated by the arrows; the compensating winding, C, sets 




Fio. 256.— Deri's amngement of main and componsaliiig windings. 

lip a magnetomotive force acting along axes midway between 
the poles, and in opposition to the armature m.m.f. The field 
structure dosely resembles the stator of an induction motor, 
and since the reluctance of the magnetic path is the same along 
all diametral paths, the compensation can be made complete. 

164. Committatiiig Devices. — The entire prevention of field 
distortion is not necessary for successful commutation. The 




Fia. 257. — Suyers' winding. 

principal consideration is to insure the presence of a commutat- 
ing field of sufficient intensity to generate in the short-circuited 
coO an e.m«f. large enough to neutralize the reactance voltage. 

Thus, in the Sayers winding, Fig. 257, there is no compensa- 
tion of armature reaction, but the reversing e.m.f. is introduced 
into the short-circuited coil by an auxiliary winding which is 
so placed as to cut a part of the main flux during the commuta- 
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tion period and which, during that interval, is in series with tbe 
coil undergoing commutation. At all other times the auxiltair 
coil is not in circuit. The auxiliary coils are in reality mereljr 
extensions of the commutator leads which have been wound 
around the armature. The main coils are connected to auxiliary 
coils which lie behind them with respect to the direction of roU- 
tion so that commutation is not dependent upon the flux densily 
at the leading pole tip, as in the ordinary machine, but upon that 
at the trailing pole tip; and since the Eeld intensity at the latter 
increaaeswiihincrea8ingcuiTent,thecommutatinge.m.f. increases 
with it. A limit is set to this automatic adjustment of commu- 
tating conditions by the saturation of the traihng pole tip. Tha 
Sayers device is of historical rather than practical interest, as is 
also that of Swinburne. ' In the latter, small U-shaped cloctro- 
magneta, Fig. 258, excited by the main current, are placed in the 



I 




neutral zone. Another method that has been used for the 
prevention of commutation difficulties consists of the insertion ia 
the circuit of the short-circuited coil of an auxiliary resistance 
which serves to Umit the current and, therefore, the energy that 
must be handled at the brush contact. The simplest method 
that suggests itself for this purpose is the use of commutattf 
leads of high specific resistance, as indicated in Fig. 259; this 
arrangement is used in certain types of alternating- current 
motors. It is, however, open to the serious objection that the 
main current must flow through a set of these extra resistore with 
consequent heating and loss of efficiency. 

Instead of inserting resistance in the circuit in the above 
mannCT, the brushes may be so constructed as to interpose more 
resistance in the path of the short-circuit current than in that of 

> Journal lost, of Electrical Eogineers, 1890, p. 100. 
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main current, by making thorn of altornate tongitudinal layers 

carbon and copper. The copper provides a path of high 
nductance so far as the main current is concerned, while the 
ort-circuit current must pass transversely through the higher 
sistancG of the carbon and copper in series. It is possible, 
jwever, that brushes of this type may fail to operate satisfac- 
jrily for the reason that the short-circuit current may pass 
■om one copper layer to the next by way of the commutator 
urface instead of through the intermediate layer of carbon. A 
ii'tter desi|£n. due to Young and Dunn,' provides for the final 
upture of the ahort-circuit at an auxiliary carlwn brush insulated 
rom the main brush, in the manner indicated in Fig. 260. This 
las the effect of considerably increasing, the resistance of the 
iircuit at the last stage of the commutation process. 

At the present time, however, the 
icvicc that is used to the practical 
sciusiou of all others, wherever 
:oramutating conditions present 
ipecial difficulties, is the interpole or 
mimiUnting pole, the principal fea- 
lures of which are discussed later. 
Ihe structural arrangement of the interpole machine is shown in 
Rg. 65. Chap. II. The magnetomotive for(;e of the interpolea 
il»o adjusted that the m.m.f. of the armature is shghtly over- 
tompensated. The final adjustment for sparklesa operation is 
ude by varying the air-gap under the interpolea by means of 

lima, or by means of a shunt around the interpole winding. 

166. Commutation In Machines having no Auxiliary Devices. 
-4tgoes without saying thai the mechanical construction of the 
wmmutator and brush rigging must be such as to insure perfect 
lontftCt and absence of vibration. The natural period of vibra- 
ioD of the brushes and brush holders should differ from that of 
vibration which may possibly be impressed upon them by 
he motion of the commutator, in order that mechanical reso- 
ance may not occur. The copper of the commutator should be 
[ uniform quality so that a true cylindrical surface may be pre- 
irveti, and the mica insulation between segments should have a 

e <rf wear as nearly as possible the same as that of the copper. 

Electrical World, 1905, p. 481. 
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Roferonco has already been made in the preceding chapter to 
the more important magnetic and electrical factors concerned in 
the commutation process, to which due regard must be paid to 
insure sparkless operation. For the sake of completeness they 
are here recapitulated and in addition there is given a summan' 
of the methods adopted to secure them. 

1. The commutating e.m.f. generated in the coil under a 
brush must not be greater than 4 to 4^^ volts, or 

Ero = 2S^'^Bo X 10-«< 4 to 4>^ volts. 

This equation is based upon the assumptionof full-pitch windings; 
in the case of fractional pitch windings the two sides of a coil 
undergoing commutation are in fields of unequal strength, some- 
times of the same polarity, so that the e.m.fs. generated in them 
may tend to annul each other. This results in a decrease of the 
short-i^ircuit e.m.f. At the same time there is a decrease in the 
(ItMniignet izing action of the armature. Both efifects indicate that 
chording the windings is advantageous, but a distinct limit is set 
by the fact that in such windings at least one «ide of the shorts 
rircuitod coil will lie close to a pole tip where the field intensity 
changes sharply; this feature greatly restricts the zone through 
whi(»h the brushes may be rocked, and is incompatible with the 
re(]uiroment of a fringing field of gradual slope. 

2. T\u' aviTtige reactance voltage 

fr = y" (L + SiV) <2ioRH 

should bo loss than 1 volt, as determined by the relation 

J > 1 . The limiting value of e^ is set by the voltage drop at 
ij 

tho brush contact, 2jo/?6, which is of the order of 1 volt. The 

harder tho grade of carbon used in the brushes the greater will be 

t^io drop. Consequently hard carbon should be used where 

resistance commutation is necessary. Fig. 261 (taken from 

Gray's Electrical Machine Design) shows the variation of brush 

contact drop with current density for an average carbon. The 

tendency toward constant drop with increasing current density 

is obvious. The contact drop in the direction from commutator 
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o brush 18 generally somewhat higher than that in the direction 
rom bnish to commutator. 

3. The brush width should not be too great, in order to cut 
lown the mutual induction of the simultaneously short-circuited 
coils. In practice, the brush width seldom exceeds 3.5 times the 
width of a commutator s^ment. To secure sufficient contact 
area to carry the current the axial length of the brushes is 
adjusted so that the average current density is in the neighbor- 
hood of 30 amperes per sq. in. (5 amperes per sq. cm.) for hard 
carbons and as high as 65 amperes per sq. in. (10 amperes per 
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t deDBity, sverago carbon. 



sq, cm.) for soft carbons. An average of about 40 amperes per 
aq. in. is customary. Considerably higher densities are permis- 
sible with metal (copper) brushes, up to about 160 amperes per 

sq. in. 
Since the number of simultaneously short-circuited coils is 

pven by 



h p 



and 8 



. 6. 



the ratio ^ is fixed by usual practice at from 2 to 3.5, 
it follows that p/a must be kept small if special difficulties are 
encountered. The ratio -pja is a iiiaxiiiiuni in series (two- 
circuit) windings, hence if the reactance is too large the remedy 
is a series-parallel or fuU-parallcl winding. 
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4. The inductance of the coils can be kept within limits by 
reducing the number of turns per element; or conversely, for a 
given number of armature conductors, by increasing the number 
of commutator segments. The value of L can also be made 
small by selecting a relatively short axial length of armature. 
Both of these considerations point to the desirability of a design 
in which the ratio of diameter to length of armature core is 
relatively large. A large number of commutator segments 
involves a moderate average value of volts per segment, 

F H- - = np-i which value, in simplex lap windings, should not 

p o 

exceed 20 volts and should be Jess than 15 volts, if possible. The 
maximum difference of potential between adjacent segments in 
machines of the series types should never exceed 40 volts, other- 
wise there is the possibility that the machine will flash over. 

The selection of a large diameter carries with it the possibility 
of using a large number of slots each containing but few coil sides, 
thereby reducing the mutually inductive action. The presence 
of numerous armature slots means further that there will be & 
sufficient number of them between pole tips to cut down oscill^' 
tions of the commutating flux and minimize pulsations of tb^ 
flux as a whole. 

5. It was shown in Chap. V that in order to prevent tb^ 
reversal of the commutating field by the distorting action of th^ 
armature it is necessary to observe the relation 

armature ampere-turns per pole ^1.1 field ampere-turns per polcf 

though in most cases the factor is 0.8 to 0.9 instead of 1.1. 

In other words, the main field should be powerful, or "stiff," in 
comparison with the armature field. Since the armature 
magnetomotive force acts upon a different path from that sub- 
jected to the main field excitation, it is clear that the disturbing 
effect of armature reaction can be reduced by introducing 
additional reluctance into the transverse magnetic circuit of the 
armature. If at the same time those parts of the magnetic 
circuit which are influenced by both the arinature and field 
excitation are saturated at no load, the load current will have 
little effect in producing distortion; the saturation acts, of course, 
as an increase of reluctance. 
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^B^he first of the above methods is not as simple as it appears 
^Bl first eight; the armature magnetomotive force acts upon a 
path which includes the most important part of the main mag- 
netic circuit, namely the air-gap and the iron parts adjacent 





thereto. The addition of reluctance to the path of the arma- 
ture m.m.f. therefore adds more or less to the reluctance of the 
main circuit, hence requires more field excitation and increases 
the cost of the machine. Designs embodying this principle 

l_ 

I in Figs, 262, 263 and 264. Their effectiveness is open to ques- 
L tJon inasmuch as the armature flux will tend to pass around 
H^ehind the slots ralher than across them. The most effective 



I are those which include both the features of additional 
leluctance and saturation of the iron; the extra reluctance 
is tuualty obtained liy cluiinfering (he pole tip, as in Fig. 
8ft5, or by making the bore of the pole faces eccentric, 
Ji'! in Fig. 26(5. The saturation feature is most important at 
ilie trailing tip in the case of generators and at the leading tip 
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in the case of motors; the desired saturation is obtained by 
using a long thin tip, or, in the case of laminated poles, by using 
a stamping of the form of Fig. 267, in which case the lamina- 
tions are built up to the required thickness in such a manner 
that the projecting tips are alternately on opposite sides; a 
plan view of the pole face as seen from the armature surface is 
then like Fig. 268. It is, of course, not necessary that the 
entire pole be laminated to secure this construction, as the pole 
shoe alone may be built of stampings and bolted to a solid pole core. 
Fig. 269 illustrates the pole construction of a Lundell generator 
which embodies a number of these features; it is, however, only 

adapted to machines that run in one 

^ direction. 

Saturation of the armature teeth acts 

in the same way as saturation of the 

pole tips. The tooth density is therefore 

purposely made high, often as high as 

V oAo i> 1 /T ^ .. 140,000 lines per. sq. in. (21,000 per sq. 

tio. 269.— Pole of Lundell ' rr.,- • x- i i x • xu 

generator. Cm.) . This IS particularly true m the case 

of motors which are required to operate with 
the brushes fixed at the geometrical neutral, as in railway motors. 
6. The requirement of a fringing commutating field of gradually 
changing intensity is met by properly shaping the tips of the pole 
shoes. The length of the air-gap at the pole tips can be com- 
puted from the equation 

r/3Zia _.-,-! 

, ^ (1.25to2)L360a _J 
^ " 1.6 5, " 

as shown in Chap. V. 

166. Commutating Poles. — Commutating poles, or inter- 
poles, have been extensively adopted for the improvement of 
commutation in generators and motors in which sparkless opera- 
tion would be difficult or impossible of attainment under ordi- 
nary conditions. Examples of such machines are turbo-gen- 
erators and shunt motors which are required to have a wide 
ninfj;o of .spe(Ml, jus (HscusschI in Chaps. VI and VII; they are also 
extensively uscmI in series railway motors. Commutating i)oles 
ol)vijU(» tho n(»r(»ssity for the various (expedients commonly em- 
ployed in ordinary machines. They are superior to forms of 
construction involving compensating windings in the pole 
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f&cps because of their greater simplicity, but. cannot take the 
|>iaeu uf cumppjisatiug windings in machines subject to sudilon 
changes of load over a wide range, as in reversing mil! motors. 

Complete neutralization of the armature flux is not possible by 
the use of interpoles for the reason that the space distributions of 
the m.ra.fa. of armature and interpoles are different. This iw 
not objectionable, however, except where complete neturaliaation 
is required to prevent flashing over, since in most cases the essen- 
tial feature is the production, in the commutating zone only, 
of a reversing flux of proper intensity; the flux distribution out- 
side of this zone is usually of minor importance. Since the ratio 
of interpole ampere-turns to armature anipei-e-turns is constant, 
the dlflference between them will always be proportional to the 
armature current, hence the commutating flux would satisfy the 
requirement of being proportional to the armature current at all 
loads provided the reluctance of the interpole circuit were 
constant; unfortunately, however, the interpoles tend to become 
saturated under heavy loads, with the result that the commutating 
flux does not increase in strict proportion to the armature current. 

In multipolar machines having a two-circuit armature winding 
and in which only two brush sets are used, as in street railway 
motors, it is not necessary to have as many interpoles as there 
are main poles; for in this type of winding each brush short-cir- 
cuits p/2 elements in series, and a correct value of commutating 
f.m.f. generated in any single portion of the circuit will be just as 
effective as several smaller e.m.fs. generated in different parts of 
the circuit. Railway motors of the usual four-pole type are 
often built with only two interpoles. 

The presence of interpoles increase the magnetic leakage of 
the ni&in poles, the calculation of the leakage factor being made 
in the manner outlined in Chap. IV. To reduce the leakage 
to a minimum, both the breadth and length of the interpoles 
should be kept as small as possible, and the span of the main 
|)oIes made smaller than In ordinary machines; the ratio of pole 
arc to pole pitch is usually between 0.60 and 0.65, instead of 
0.70. The span of the interpole should be equal to, or slightly 
greater than, the distance moved over by a slot while the coils 
in it are undergoing commutation. The axial length of the 
interpole can be made leas than that of the main poles, for it is 
lAterial in what portion of the coil the neutralizing e.m.f. is 
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generated; but if the interpole is shortened, the intensity of the 
field under it must be greater than under a pole of full length 
in the ratio of full length to actual length, with due regard to 
fringing of the flux. 

167. Winding of Conimutating Poles. — The calculation of 
the winding to be placed on the conimutating poles presents no 
special difficulties. It is necessary to provide a sufficient number 
of ampere-turns to balance those of the armature and to supply 
the m.m.f. require to drive the commutating flux through the 




Fio. 270. — Magnetic circuita in interpole machine. 

transverse path n, s, Fig. 270, taking into account the m.m.f. 
supplied by the main poles, iV, S, in those parts of the path 
of the lines of induction which are conmion to both magnetic 
circuits. The figure represents a bipolar generator revolving 
in the clockwise direction; if the machine were a motor revolv- 
ing in the same direction, the polarity of the interpoles would 
have to be reversed, a condition that would be met automat- 
ically upon reversing the current through the armature, since 
the two windings are in series. 

Fig. 270 reveals the fact that the m.m.fs. of the main and 
commutating poles act in the same direction in two of the four 
quadrants of the armature core and of the yoke, and in opposite 
directions in the other two quadrants. If there were no satura- 
tion each m.m.f. would produce a proportional flux, in which 

case the flux in the armature core would be — ^^ — - in two of the 
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quadrants, and — ^ — in the other two, where *( is the work- 
ing flux produced by the mterpole. Sitnilarly, in two of 

4i + 4>,i 
the quadrants of the yoke the flux would be „ — ' and 

*( - *,i - 

"— 2 in the other two; here *, = k* where v ia the coeiEcient 

ot dispersion of the main poles, and *,( = Vi^t where Vf is the 
coefficient of dispersion of the interpolcs. The magnitude ot the 
I'Dmmutatiug flux 4>i is given by 

*■ = Bi, b\ i\ 

where Bj,, the flux density in the gap under the interpole, is de- 
termined by the value of the coinmutating e.ra.f. to be generated, 
and fe'i and I'l arc respectively the corrected breadth and length 
ot the interpole; these corrected lengths are greater than the 
actual lengths by from 3 to 4 times the air-gap, S,-, under the 
interpole. Corresponding to this value of *; and to that of the 
main flux * there will be definite flux densities in each part of 
the closed magnetic circuit abcdefa, and to each flux density 
there will correspond a definite number of ampere-turns which 
may be determined from the appropriate B-H curves. Thus, let 

ATic = ampere-turns required by the two interpole cores 

and shoes 
ATig = ampere-turns for the two interpole air-gaps, 5; 
ATa = ampere-turns for the two sets of teeth opposite the 

int«r poles 
AT'a = ampere-furns for the armature core, fc to c 
AT" a = ampere-turns for the armature core, c to d 
AT", = ampere-turns for the yoke, e to/ 
AT'\ = ampere-turns for the yoke, f to a 

Then, in the closed magnetic circuit, abcdefa, the algebraic 
sum of all the m.m.fs. must be zero, in accordance with Kirch- 
hoff'B law. In this circuit there act, in addition to the m.m.fs. 
listed above, that due to the two interpole windings, A Ti, and 
ibat due to the armature, .4 Tam, where 
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It follows, then, that the number of turns to be wound on each 

1 ATi 
interpole is « ~^*i provided the interpole coils are not shuntd. 

Z fa 

A larger number of turns may be used if a diverting shunt is 
placed across the interpole winding. 

The above discussion applies directly to the bipolar machine of 
Fig. 270, and with obvious modifications applies also to multi- 
lK>lar machines. 

168. Effect of Commutating Poles upon Coil Inductance — 
The presence of commutating poles causes an increase in the 
inductance of the short-circuited coils under them. In the 
expression L = Li + Lj + L| (Chap. VIII), the term Lj, due 
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Fio. 271. — Tooth-tip flux under interpole. 



to ti>oth-tip leakage, is affected. Its value may be computed 
}k< follows: 

Suppivio the center of the slot containing a coil edge to be a dis- 
tance X cm. from the center of the commutating pole of cor- 
rtvtcd bivadth h\. Fig. 271. The tooth-tip flux within the 
limits of the pole is 
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D^ the average inductance, considorinK both sides of the coil, is 
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the above equations S', is the corrected gap length, Si rz — ' 
il dimensions being expressed in centimeters. 
If I' < I'i, there must be added to the above expression a term 
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169. Compoundiag Effect of Commutating Poles. — In Chap. 
^, it was shown that a forward lead of the brushes in the case of 
■ generator produces a demannelizing effect and consequently 
educes the generated e.m.f., while a backward lead causes a com- 
Ounding action. If the generator is provided with commutating 
•oles, these effects of brush displacement are accentuated, as 
Qay be seen from Fig. 272, Thus, Fig. 272ii represents the eon- 
litions when the brushes are in the geometrical neutral axis; 
he armature winding between adjacent brushes of opposite 
>olarity is then acted upon by the flux due to a main pole only, 
be effect of the oppositely directed fluxes due to the interpoles 
shown by the hatched areas) being to annul each other. If the 
iTushes are displaced in the direction of rotation, Fig. 272fe, 
he total flux is reduced by the difference between the hatched 
■i"cas efh and bed and in addition by the sum of areas abc 
■nd efg. In the same manner a backward displacement of the 
>rushes, Fig. 272c, results in an increase of the flux linked with 
■he armature winding. 

Simitar considerations show that in the case of commutating 
f>ole motors a forward lead of the brushes will increa.sc the flux and 
therefore reduce the speed, while a backward lead will decrease 
the flux and raise the speed. In Chap. VII it was shown that 
& considerable backward displacement of the brushes of a com- 
mutating pole motor may result in a continuous succession of 
i^vereals of rotation. If actual reversal of direction does not 
occur, pulsation of speed may result, for since the effect of a 
backward displacement is to weaken the active &eVd, Vawft '«'^ 
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be a correspoadini: decresfie of cooniar ejnJ. and an increMei 
armature current to produce the necessary accderatioii of fl 
armature. The increased current f urth» strengthois the mia 
poI«»v and so still further weakens the fidd and accdentes fl 
:irmature. But the counter eonX is prtqportional to the aeth 
dux and to the speed. ThetaoMlNMytoaccderatetheaniuito 




Kic. .ri. — Compoumiinc tH^ct of intcfpoles. 

^ill then cvuitinut* until the decrease of counter e.m.f. du 
iwluvwl rtu\ U v>ff!5et by the increase due to greater speed. Th< 
crwis^* v>f tx<4vl $tn?n^th cannot^ howevw, go on indefinitely, 
iNAU^* the iutorpoles ew^ntually become saturated, but up to 
limo th.Ht $atuniti<ai of the interpoks sets in, the speed has I 
cvuuiuuou^Iy iQcr\x9ksing^» and the momentum of the anna 
will OAU^" tho s|HV\i to continue to increase even after the 
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8 reached a practically constanj^ value; especially will this be 
le if the rotating parts have large moment of inertia. The 
suit will be a rat)id increase of counter e/m.f.y possibly to a value 
eater than the line voltage, in which case the machine would 
)Come a generator drawing upon its kinetic energy of rotation 
send current back' to the supply line. The speed under these 
auditions would rapidly fall, causing such a reduction of counter 
mi. that the armature current again rises, thereby producing 
creased speed, and so repeating the above described cycle of 
langes. 
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CHAPTER X 

EFFICIENCY, RATING AND HEATING' 

170. Conventional and Measured Efficiency. — ^The efficiency 
of a machine is defined as the ratio of the power delivered by the 
machine to the power received by it. Naturally both input 
and output must be expressed in terms of the same unit of power 
before computing their ratio; thus in the case of generators the 
input is mechanical and the output is electrical, while in motors 
the input is electrical and the output is mechanical. The usual 
units of power are the watt, the kilowatt, and the horse-power, 
where 

1 h.p. = 33,000 ft.-lb. per min. = 746 watts 

1 kw. = 1000 watts = 1.34 h.p. 

In ordinary practice the rating of generators is given in terms of 
kilowatts available at the terminals at the specified voltage of 
the machine. In the case of motors it is customary to e3q)re88 
the rating in terms of the number of horse-power available at the 
shaft (except in the case of railway motors) ; the Standardization 
Rules of the American Institute of Electrical Engineers recom- 
mend that motor output ratings be expressed in kilowatts, but this 
recommendation is not followed by the Electric Power Club, 
which is an association of all the principle motor manufacturers 
of the United States. 

Two distinct efficiencies are recognized in engineering speci- 
fications, the conventional efficiency and the directly tneasuir^ 
efficiency. The conventional efficiency is used unless otherwise 
specified. In either case, when the efficiency is referred to with- 
out specific reference to the load conditions, it is to be understood 
that it is the efficiency at the rated load of the machine, and at 
a temperature of 75° C. 

* The stvidcnt is referred to the Standardization Rules of the American 
Institute of Electrical Engineers for further particulars on these subjects. 
See Trans. A.I.E.E., Vol. XXXV, Part II, p. 1651 (1916). 
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The conventiona! efficiency is computed from thi; fundamental 
relations 

t input = output 4- losses 

output = input — losses, 
ence 

__ output _ output _ input — losses 

input 



efficiency = 



CD 



output 4- losses input 

If it were possible to measure all of the losses corresponding to 
pnrticular values of the load throughout the working range of the 
machine, the efBciency computed from the above equation 
would be the true efficiency; but for reasons to be explained 
later it is not possible to measure all of the individual losses 
with entire accuracy, and in such cases conventional values are 
nrbitrarily assigned to one or more of them, hence the origin of 
llieterm conventional efficiency. 

The directly measured efficiency is obtained from actual 
'neaaurements of input and output. For example, in the ease 
'if direct-current generators of small or moderate size the mechan- 
ii'al ini)ut can be measured by some form of transmission dyna- 
'rionietcr and the output by suitable ammeters and voltmeters; 
in the case of direct-current motors the power input can be meas- 
ured by ammeters and voltmeters, and the output by a Prony 
brike or ita equivalent. In making direct measurements, elec- 
bieal power must always be measured at the line terminals of the 
■QSchine; mechanical prnwer, as in the case of motors, must be 
Ueafiured at the pulley, gearing, or couphng on the rotor shaft, 
tbiiB excluding the loss in the belt or in the gears (except that in 
railway motors the mechanical output is measured at the car 
!ix!e, thereby including gear loss in the amount chargeable to 
!)iL' motor). The method of direct measurement is impracticable 
i"\vond definite limits of machine ratings for the double reason 
ihal it is not feasible to design suitable dynamometers and brakes 
^Jid that even if testing facilities were available the cost of sup- 
plying the necessary energy would be prohibitive. 

Machines which are too large to be tested by means of dyna- 
muneters or brakes may under certain conditions be subjected 
to direct measurement of pfficioury Dy means of the circulating 
power method, also called the Hopkinson or "loading-back' 
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method, provided two machines of the same type and rating Mh 
available. Thup, if the two machines are of the sbuat type, tbcfH 
are mechanically coupled, preferably by direct connection. udH 
one of them is started as a motor from a supply circuit of ihlfl 
rated voltage of the machines. The excitation of the otiM^f 
machine is adjusted until itB terminal voltage is equal to thl^H 
of the supply Unc, and it is then also connected to the line ineudlH 
a manner that the e.m.fs. of the two machines are in oppasituBlH 
in the local circuit between them. By adjusting the excitAticA^| 
of one or both of the two machines, any amount of curreot mlj^l 
be made to circulate between them ; one machine runs as a moUN^^ 
and drives the other as generator; the latter returns power to th^H 
line, BO that the line is called upon to supply only thesumofth^B 
losses of the two machines, and this total loss is readily ml'asu^ H 
able. It is not quit« true that the total loss is divided equolb 
between the two machines, for since one of them is a motor »f"l 
the other a generator their excitations will not he exactly lb'- 
same, hence the fluxes and the corresponding core losses will l'"^' 
appreciably different. 

171. Losses in Direct-current Generators and Motors.'' 
The determination of the efficiency of a generator or motor a 
particular output requires either (1) a knowledge of the corf 
spending input, as in the directly-measured efficiency method; < 
{2) a knowledge of the sum of the component losses at that vali* ' 
of output, as indicated in equation (1). In the first melhoi-^ 
the sum of all the losses is equal to the excess of' input ( 
output, though the degree of accuracy attairiable in sue 
determination of losses is not very high because a small per ca 
of error in mciwuring either input or output will result in a r 
greater per cent, of error in their diffurence. In thti ; 
method, which leads to the determination of the convonti 
efficiency, the component losses are of three types, (A) accurate 
measurable or determinable losses, (B) approximately meosurat 
or determinable losses, and (C) indeterminable losses; it is to t 
losses of the third type, and to some extent, to those of the sem 
that conventional values arc assigned in computing the o 
tionol efficiency. 

The individual losses in direct-current machines of the t 
mutating type may be grouped under the following h 
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1. The ohmic losses, due to the heating eflfect of the current 
lowing through the resistances of 

. (a) the armature winding; 
(b) the field windings, and rheostat if present; 
(c); the brushes ahd brui^h contacts. 

2. The core losses, due to 

(a) h3rstere8is in the armature core and teeth; 

(6) eddy currents in the armature core, teeth, and pole faces. 

3. The mechanical losses, due to 

(a) bearing friction; 

(b) friction between the moving parts and air, called 
"windage;" 

(c) brush friction. 

4. Stray load losses caused by 

(a) eddy currents in the armature conductors; 
(b the short-circuit currents in the coils undergoing com- 
mutation; 

(c) pulsations of the flux set up by the currents in the com- 
mutated coils and by the variation of reluctance of the 
main magnetic circuit due to the presence of teeth and slots ; 

(d) eddy currents in the end plates of the armature core, in 
non-insulated bolts through the laminated core, etc. ; 

(e) distortion of flux in armature core and teeth, produced by 
armature reaction. 

With respect to the principal classification of losses, the 
omponent losses are grouped as follows in the Institute Stand- 
ardisation Rules: 

A. Accuraidy Measurable or Determinable. 

1. No-load core losses, including eddy currents in the con- 
ductors at no load. 

2. Load I V (ohmic) losses in the windings. No-load iV 
losses in the windings. 

B. Approximately Measurable or Determinable, 

1. Brush friction loss. 

2. Brush-contact loss. 

3. Losses due to windage and bearing friction. 
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C. IndelerminabU. 

1. Core loss flue to flux distortion. 

2. Eddy current losses in conductore due to trtinsversc (troj.- 
fluxes occasioned by the load currenta. 

3. Eddy current losses in conductors due to tooth saturuti 
resulting from distortion of the main flux. 

4. Tooth frequency (core) losses due to flux distortion und« 
load. 

5. Short-circuit loss of commutation. 
Inspection of the hst of individual losses shows that some oT 

them may be constant, or nearly constant, within the working 
range of the machine, while others are variable with the bad; 
and that those losses which are substantially constant 
type of machine may|be variable in another, depending upon its 
characteristics. For ' example, the friction and windage loes 
is constant in constant-speed generators and motors, but is va^ 
iable in such machines as aeries motors; the tV loss is practically 
constant in the field winding of a shunt motor and in the ahuut 
winding of a long-shunt compound generator adjusted !<" 
constant terminal voltage, but. is variable iu all series field winding* 
and iu the armature; the core loss is nearly constant in constftii'- 
flux machines, but variable in series motors and generator*' 
where tho flux changes with the load. 

172. Efficiency and Losses in Constant-potential, Constai*^' 
speed Machines.^For the purpose of computing the convention*' 
efficiency in constant-potential, constant-speed machines si**^" 
as shunt generators and motors, the losses are grouped into t"^" 
classes, namely, (1) those which remain substantially const*-"' 
at all loads, and (2) those which are variable with the load. 

The constant loss includes iron or core losses, friction and wit»*J' 
age, and iV or ohmtc losses in the shunt winding (including rh^^ 
stat if present). The ohmic loss in the sliunt field winding aD*' 
rheostat will not change with the load if it is connected to the 
main terminals, leaving out of account a possible change in ibe 
resistance of the winding due to change of temperature; but if 
the machine is a constant-potential short-shunt compound gener- 
ator, the difference of potential between the terminals of the shunt 
winding will rise slightly with increasing load, and correspond- 
ingly increase the shunt field loss. 
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^he variable loss includes ohmic (iV) losses in the armature 
^d in field windings in series therewith, such as series field coils 
&i^d commutating and compensating windings. 

The Institute rules specify that the indeterminable stray load 
'osses are to be assigned a value of zero per cent., that is, they are 
to be neglected in computing conventional efficiency. Further, 
that the brush contact drop, which in reality varies with the load, 
^ to be taken as constant in ordinary machines, and computed 
on the assumption that there is a brush contact drop of 1 volt 
at each brush set, or a drop of 2 volts for the entire machine, with- 
out regard to the amount of current flowing. In the case of low 
voltage starting motors and lighting generators for automobiles, 
these values of brush drop do not apply, but are to be replaced 
by experimentally determined values. 

The constant loss of a machine of the shunt type can be deter- 
mined experimentallyin a simple manner by running it as a motor, 
without load, at its rated voltage V and measuring the no-load 
current input to its armature (ta)o and to the field winding (t«). 
The total current input under this no-load condition is (ta)o + u, 
and the total power input is V[(ta)o + u]- The only loss in 
addition to the constant loss is the ohmic loss in the armature 
Ot)iVa, and since the output is zero, the constant loss is 

. Pc= V[{ia), + U]-{ia)\ra ' (2) 

This test should be made after the machine has been running 
under load for a sufficient time to raise its temperature to the 
normal operating value; and the value of the armature resistance, 
*"«) should also be measured at working temperature. The 
brushes should be placed so that commutation takes place in the 
lieutral axis. 

The value of the constant loss determined by equation (2) 
includes the core loss, friction and windage, and ohmic loss in 
the shunt winding. The latter is equal to Ft,, so that the com- 
bined value of core loss, friction and windage is given by 

Pc- Vu= F(4)o- (/«)V«. (3) 

In case it is desired to (l(»tormino separately the value of core 
loss on the one hand and friction and windage on the other, the 
'/oUowing procedure may be used : 
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1. Drive the nuchiDe ooder test from sn mdependeDt molor 
whicli has previously been calibrated »> that ite output is Icnowa 
for given values of impressed v<Jtage, ^peed and excitation. Tbe 
machine under lest must have its brushes removed and tnuH 
be without Geld excitatioo. The output erf the driving matoi 
wiD then be equal to the bearing friction and windage of ihf 
machine under test. 

2. Replace the brushes of the machine under test, and take 
an additional reading of the output nf the dri^'ing motor, the 
speed being the same as before. The difference between the 
reading of this test and that of (1) is then equal to the brush 
friction- 

3. With the conditions the same as in (2), except that the 
tstion of the machine under test is adjusted to a known amount, 
take a new reading of the output of the driving motor. The 
difference between this reading and that obtuned in test (2) 
then the core lose of the machine under test for the particular 
value of the excitation used; by taking a series of readings fw 
vaniing amounts of excitation, the core loss can be found for any 
desired excitation.' 

The core loss of a machine of the constant-flux, constant- 
speed tj'pe does not remain absolutely constant under var>^ 
conditions of load, as is assumed in computing conventional effi- 
ciency. The hysteresis loss in any given element of volmM 
of the core varies as the 1.6th power of the flux density, while thf 
eddy current loss varies as the square of the flux density (see An 
178). The effect of armature reaction b to distort the flux, 
thereby increasing the flux density in some portions of the f"" 
and decreasing it in others; the net result of this shift is I" 
increase the total core loss even though the total flux remain? 
unaltered. This change in the core loss between no load anil 
full load is a part of the so-called stray load losses. 

' If the above tests arc carried out <ia a mactuDe having a parnll^'' 
n-ound armature, then if the maiimetic cin-iiits are not all exactly the snnif 
an alternating current will flow through the armature winding without rrgi"' 
to the preflcnce or absence of brushes. A comparatively small amiHint "^ 
magnetic unbalancing may set up an alternating current of lai^ maguituJi 
of the order of full-load current or even more. If this is the 
core toss determined by the above method will include the copper 
to the unbalanced aJt«matuig current. 





fftn example of the method of computing conventional effi- 
y, let it be assumed that the following data have been 
mined from a 250-kw., 550-volt, flat compound long-shunt 
f»tor {current output at full load, 455 amperes). 
Uetant loss : 

f Core loss 3500 watte 

Friction and windag? 2000 watts 

Shunt lictd Johs, including rlieoat-at. . 1250 watts 



Resistance of armature and series 
field (hot) O.O: 



If any given value of ciurent output, j, the armature current 



i + i 



550 ■ 



ntput in watts Is given by 550 X *, and the losses are: con- 
tlosB, 6750 watts; variable loss, including copper lose in 
ire and series field, I'g X 0.03; brush contact loss, 2 X t.- 
bfor any output current, i, the efficiency is 
550t 



550i + 6750 + (i + 2.27)' X 0.03 + 2{i + 2.27) 

\a% values of i and substituting in this equation, data are 

from which the curves of Fig. 273 are plotted. 

1 be observed that the efficiency rises rapidly from zero 

at no load and approaches a maximum value; if the calcu- 

were carried beyond the limits shown in the figure, the 

icy would begin to fall for the reason that the total losses 

at a greater rate than the first power of the current 

above problem, illustrative of the case of a generator, 
be noted that the output is proportional to the line current, 
lug that the terminal voltage is constant. If the voltage 
Eonstant, line current will not be proportional to power out- 
pd if it is dcitired to plot efficiency and losses in terms of 
output instead of in terms of current, suitable corrections 
have to be made. For example, suppose that a machine 
dug external characteristic, the terminal voltage rising 



L 



362 PRINCIPLES OF DIRECT-CURRBNT MACHINES 

linearly from llOvoltsat no-load to 115 volts at full-load ciureoi; 
at full-load current output the power output is 115t watts; at half 
of full-load current output the power output is 112.5 X W ^ 
56.75i, which is 49.3 per cent, of full-load output, instead d 
exactly 50 per cent. 

In computing motor performance from the measured do-IokI 
losses, it must be remembered that the current input is not po- 
portional to the power delivered by the motor. Thus, considw- 
ing a shunt motor, the power input is Vi and the power output ii 
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Fia. 273.— Ltwaes and efBdency. 
P = Vi-P,- u*r. 



P, = core loss+ friction and windage loss-f- shunt field loss 



Pk-i ' = core loss 
F/ = friction and windage loss 
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follows, therefore, that 



id 



P = V{ia + i.) - P* + . - P/ - Vi. - iah-, 
= rta-(P* + e + P/)-taV 

Z+ //y\^ P + P,^.. + P/ 

2ra ^ \ \2ra/ fa 



*- = v,^ 



In = 



Q this equation the minus sign before the radical is the only one 
bat has a physical meaning. As an example, consider a 110- 
olt, lO-h.-p. motor which has an armature resistance of 0.11 
»hin, a field resistance of 40 ohms, and which takes an armature 
urrent of 3.1 amperes at no load. The combined value of core 
08S and friction and windage is then 

Pa+. + P/ = 110 X 3.1 - (3.1)* X 0.11 = 340 watts 

The armature current intake at full load (P = 10 h.p. = 7460 
^atts) is 

no // no \« 7460 + 340 „^ Q 

and the line current is 

i = i^ + t. = 76.8 + ^ = 79.55 amp. 

40 

When the machine is delivering half of its rated load, or 5 h.p. 
^ 3730 watts, the line current is found to be 42.25 amp., or con- 
siderably more than half the line current at full load. 

The efficiency discussed in the preceding articles may be 
thought of as the "over-alP' efficiency of the machine, since it is 
^he ratio of net output to gross input. But in analyzing the 
operation of a generator or a motor, two additional subsidiary 
Values of efficiency may be distinguished, as follows: 

In a generator, the total mechanical power input is not con- 
certed into electrical power, but a portion is dissipated as me- 
chanical loss in friction and windage and in core loss; the core 
losses in this case act as a brake, and are in fact equivalent to an 
increase in the frictional resistance. The difference between 
the total mechanical input and these losses is then converted 
^to electrical form in the armature; a portion of the electrical 
power thus developed is lost in the ohmic resistance of the various 



364 PRINCIPLES OP DIRECT-CURRENT MACHINES 

windings of the machine and in the brush contact resistance, and 
the balance is available as net output. It follows, therefore, 
that 

electrical power developed = mechanical input — friction and wind- 

. * aqe — core loss 

so that the efficiency of conversion is 

_ electrical p o wer develope d 
^^^ "" mechanical power input 

_ output + ohmic losses /.x 

mechanical power input 

Similarly, the ratio of net electrical power output to the total elw- 
trical power developed in the armature may be called the eke- 
trical efficiency y ri„ and 

. _ ele ctrical power output outp ut i^s 

electrical power developed output + ohmic losses 

Comparison of equations (4) and (5) with the expression for over- 
all efficiency, 

— output 
input 
shows that 

1? = ricTj, (6) 

In the case of motors, a part of the electrical power input 
is initially lost in the ohmic resistance of the windings and brush ^ 
contacts, and the balance is converted into mechanical power; but 
of the total mechanical power developed, a part is lost in fric- 
tion and windage and in core loss, the latter again acting as a 
brake on the machine and being equivalent to an increase in the 
friction load. Consequently the following relations hold: 

mechanical power developed = electrical input — ohmic losses 
and 

mechanical output = mechanical power developed — friction 

and windage — core loss. 

Hence the efficiency of conversion is 

_ mechanic al power developed 

electrical power input 
_ electrical input — ohmic losses 

input ^'^ 




r 
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tnechamcal effidenqj of the motor ia 
_ mechanical power output 
mechanical power developed 

_ outp ut 

output + friction and windage + core loss 
iwa here also that 

i; = 1^1- (9) 

I. Condition for Maximum Efficiency. — In any machine 
lich the total losses comprise a part that remains constant 
endently of the load, and a part that varies as the square 
p load, maximum efficiency will occur at that particular 
of load at which the fixed and variable losses are equal. 
, if the load (or output) is P, the constant loss is P., and 
ariable loss is hP^, where A; is a cODstant, 
_ P 

'' ~ Pl^P.l^kP' (10) 

itiating tj with respect to the load P, and equatini; the 
sero to find the condition for maximum value of jj, we 

*L - (P + P . + k P') -P i l'+2kP) _ 
I dP (P + P, + fcP')' " 

P. = kP^ (11) 

tie maximum efficiency is 




' P + 2P, 



(12) 



kabovc relations are very nearly those which occur in 
mm of the constant-potential, constant-speed type, such aa 
Renerators and motors. The constant loss includes fric- 
imidage, ohmic loss in the field winding, and core loss; the 
)lc loea is equal to (oV„ plus the brush contact loss {conven- 
value = 2tu watts). If the brush contact loss is absorbed 
he ohmic loss in the armature by assigning to r^ a suitably 
ised average value, the variable loss is seen to be nearly 
rtional to la*, and i, is in turn nearly proportional to the 
t. Examining the actual conditions somewhat more in 
t the facts with regard to the shunt generator may be 
kzed as follows : 



A 






366 PRINCIPLES OP DIRECT-CURRENT MACHINES 

Let V be the terminal voltage, and let i, t., and i« represent 

respectively the line current, armature current and shunt fidd 

current; then 

• • I • 

lo = t + »• 

and 

" " Vr+ Po*+ iah-a ^^'^ 

where Pe is the constant loss and ra is the value of armature resis- 
tance modified to include brush contact resistance. Since ti is 
generally only a small per cent, of i at values of the load approach- 
ing full-load rating, very little error will be introduced by writing 

^ Vi 

"^ Vi+1 
whence 



and if 





■' Vi +P, + i*r. 


dv 


{Vi + P. + »*r.)F - Vi{y + 2tr.) 


di 


(Ft + P. + »V,)» 




dt °' 



Pc = tVa ^ t«Va (14) 

or the efficiency is a maximum for that value of current output at 
which the constant and variable losses are equal. 

Similarly, in a shunt motor y the input is Vi, and the output is 

Vi - Pc - ia^a 
whence the efficiency is 

Vi -Pc- iah-a .. Vi-Pc- ih' 



V = 



'O ' a ^ r * •* c » » g 



(15) 



Vi - Vi 

and 

d-n _ Vi (V - 2ir„) - { Vi -Pe- i*r,)V 
di VH^ 

dtj 
and since for nialdmum efficiency zr = 0, maximum efficiency 

will occur when 

Pr = i^ra 

In this case the difTerentiation is made with respect to the input 
current, i, as independent variable, whereas in the case of the 
generator the output current was the independent variable. 
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above conclusions are not entirely rigorous for either the 
tor or motor, but they are sufficiently accurate for practical 
es. A somewhat more accurate analysis might be based 
fact that the variable loss is made up of parts which depend 
the first power of the current as well as upon the second 
thus, the core loss Pjk + • (due to h3rsteresis and eddy cur- 
instead of remaining constant, may be assumed to vary 
yr with the load current, or 

P* + . = (P* + .)o ± c i (16) 

{Ph-k- e)o is the core loss at no load, and c is a constant; the 
contact loss is nearly proportional to iay and therefore also 

line ciurent, t; the shunt field loss is — in plain shunt 

r« 

long-shunt compound machines, and is 

(V ± irfY 

*t-shunt machines, the positive sign being used in the case 
orators, the negative sign in the case of motors; the series 
•ss is iah-f in long-shunt machines, and iV/ in short-shunt 
les. The summation of all the losses therefore includes 
^ant term, a term that varies directly with the line current, 
term that varies as the square of the current; hence the 
icy is given by an expression of the form 

Vi 

"^ Vi +Pc + Cii + Cii^ 

= -p-^ ■ (17) 

V+'-^ + Ci + Ci 

aximum efficiency the denominator must be a minimum, 
differentiating the denominator and equating to zero, the 
ion for maximum efficiency is found to be 

--.{ + 02 = 

Pc = Cii* (18) 

rhich it follows that for maximum efficiency the constant 
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loss should be equal to that part of the variable loss which varii.^ 
as the square of the liue current. 

174. Location of Point of Maximum Efficiency.— From tlu' 
preceding article it is clear that by a proper choice of the rrLi- 
tion between the fixed and the variable losses the point of maxi- 
mum efficiency may be made to fall at any desired output 
For example, assume that the total tosses consist of a constant 
term, Pr, and a term variable with the square of the load. Let 
the rated full-load output be P, and let the constant luss be 
xP, where x is any fractional part of the output, and let the 
variable loss at full load be yP, where y is any fractional part o( 
the output. Then the efficiency at full load is 

Let zP be the output at which it is required that the efficiency be 
a maximum. The variable loss will be zHyP), and for raui- 
mum efficiency 

z'(yP) - xP 



^4 



(20) 



For example, let it be required to divide the total losses in such 
a way that the maximum efficiency shall occur at three-fourths 
load and that the efficiency at rated full load shall be S5 per cent- 
Then 



1 



- - 0.85 



l+:c-|-y 
z = .r- = 0.75 



from which x = 6.35 per cent, and y = 11.3 per cent. 

It is seen that if the fixed losses, represented by x, are rela- 
tively large, and the variable copper losses, represented by y, 
are small, maximum efficiency will probably occur beyond full 
load. To make the maximum efficiency occur at a fractional 
part of full loud, the copper losses should be lai^e compared 
with the fixed losses. Thus, if it is known that a machine is 
to be operated for considerable periods at light loads and only 
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donally at full load or overloads, it should be bo designed 
have a relatively high armature resistance in order to make 
ffieiency a maximum at or near the point of average load. 
i. AU-day Efficiency. — The all-day efficiency of a machine 
e ratio of the net energy output to the total energy input 
g a working day. Inasmuch as chaises for electrical 
% are based largely on energy consumption (kilowatt- 
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Fia. 274.— X, Load c 



; B and C. curves of power inpilt. 



i), it is important that the all-day efficiency of a motor that 
continuously should be as high as possible. The all-day 
incy of a machine is dependent to a large extent upon 
lape of its load curve A, Fig. 274, and is also afFectcd by the 

of its fixed and variable losses. The ordinatcs of the 
3urve represent power output and the abscissas represent 

so that the area under the curve is proportional to the 
Y output. If this load is carried by a motor whose fixed 

are 5 per cent., and whose variable losses Sixa \Q ^t tt'cA.. 
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of its ratetl output, the power input will vary bs shown by n 
B; while if the fixed and variable losses are, respectively, 10 sn 
5 per cent, of the rated output, the power input will be given h 
curve C. In the former case the all-day efficiency is 85.8 p 
cent,, in the latter 81.7 per cent. The difference between ll 
two becomes greater and greater, in favor of the machini' wi 
the lower fixed loss, as the period of hght load increases; f 
example, if the machine runs for nine hours at 10 per cent, lot 
and one hour at full load, the all-day efficiency of the fi 
machine is 75.7 per cent, as against 64.3 per cent, for the sei-oi 

176. Efficiency and Losses in Variable-fluz, Variable-spc 
Machines. — In machines in which the speed or the flux, 
both of them, are inherently variable under operating conditio 
as for example in series motors, the core loss and friction a 
windage loss are also variable. The combined value of core I 
and friction and windage loss in a series motor can be found 
perimentally by the following method: 

Separately excite the field winding from any suitable som 
and start the motor, without any load upon it, by gradually 
creasing the voltage impressed upon the armature. After i 
motor starts, increase the excitation until the field current 1 
the highest value it will have under load conditions, and adj 
the armature voltage to a value at which a reading is desir 
Note the field current, armature current and voltage, and 
speed. Keeping the excitation constant, adjust the armat 
voltage to two or thiee dilTerent values, and for each setting t: 
readings as before. The armature voltages ordinarily used 
this test are 250, 400, and 550 volts for 550-volt motors, and 3 
450, and 550 volts for 060-volt motors. Repeat this series 
readings for a number of other values of field current, down to 
lowest field current consistent with safe speed. For each sett 
the combined value of core loss and friction and windage loss 
be equal to the power input to the armature minus the ohmic 
in the armature winding and at the brush contact. 

If it ia desired to separate the total loss thus determi 
into friction and windage and core losses, the machine -shoult 
run as a serit* motor without load and at reduced voltage, 
varying the impressed voltage through a sufficient range to et 
the working range of speed, and taking simultaneous reading 
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ireseed voltage, current and speed, the frictioD and windage 
responding to any speed may be taken as equal to the power 
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I. 275. — Friction and windaKS as a function of speed. Railway motor teet. 
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plied, less the ohmic losses in the armature and field windings, 
core loas being negligible under these test conditions. The 
; lose at any given speed is then equal to the difference be- 
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tween the total loss as determined by the first test, and the fri^ 
tion and windage loss at the same speed as found in the second 
test. In this manner curves Uke Figs. 275 and 276 may be dete^ 
mined ;^ data taken from these curves can then be used to calculate < 
the efficiency at any load. 

177. The Ohmic Losses. — The ohmic or copper (iV) losses 
are accurately measurable or can be determined by calculation 
from the design data of the machine. The method consists of 
determining the resistance of each part of the winding at the work- 
ing temperature, 75 deg. C, and computing the loss by forming 
the product iV. For details of the various methods of measur- 
ing resistance the student is referred to the numerous text-boob 
and hand-books dealing with electrical measurements;' but a 
very common method for measuring resistances that are not too 
low is the drop-of-potential method, which consists of passing 
a known value of current through the winding whose resistance 
is required, and reading the corresponding drop of potential 
through the ¥^4nding by means of a voltmeter of suitable range* 
Wlien this method is used to measiu*e the resistance of highly 
inductive circuits like the shunt field windings of large machines, 
the reading of the ammeter should not be taken until the current , 
has reached a steady value; for the high inductance of such a i 
circuit will cause the current to reach its final value only after i 
an appreciable time, sometimes two or three minutes, and a pre- 
mature reading will result in an apparant resistance considerably 
higher than the true value. After the readings of current and 
voltage have been taken, the voltmeter must first be disconnected 
before opiming the circuit, otherwise the excessive voltage de- 
veloped by the collapse of the magnetic field will destroy the 
instrument. 

Measurements i)f very low resistances such as those of armature 
windings and series field windings of large machines cannot be 
made with sufficient accuracy by the drop-of-potential method 
because of the small voltage drop through such a circuit. Some 
form of low resistance bridge, such as the Thomson double bridge^ 
shouKl be used. 

■ Mi»u»r and (untnitor Trstinj:. Wostinghouse Elec. and Mfg. Co.; Sec- 
S. pp. S and 11. July. 191:^ 
- Siv Electrical Moa:5urement*, bv Frank A. Laws. 
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ComputationB of the fV loss Id a wmding are based upon the 
/act that the resistance of a circuit is proportional to its length 
and inversely as its cross-section. That is, 
I 

where p is the specific resistance, or resistivity, of the material at 

the temperature of the conductor, I is the length of the conductor, 

and s is its cross-section. The resistivity at a teinperaturts t 

(leg. C, is equal to 

P = Po(i + 0.004270 (22) 

where po is the resistivity at zero deg. C. and 0.00427 is the 
tenaperature coefficient of increase of resistance per degrei? C. 
rise from an initial temperature of zero deg. C. If length is 
expressed in feet and cross-section in circular rails, p, 
ohma for commercial copper; if these dimensions are expressed 
in centimeters and square millimeters, respectively, pa = 
0.016 ohm. If the initial temperature differs from zero, the 
temperature coefficient is to be computed from the formula 

1/(234.5 + 0; thus, at an initial temperature of t = 40 deg. C, 
the temperature coefficient of increase of resistance per degree 

Centigrade rise is 1/274.5 = 0.00364. 
The following is a summary of formulas for computing the ih 

lose in the various parts of the machine circuit, 
(u) ArmaluTe. The ohmic loss in the armature of any type of 

geuerator or motor is 

wliere 

r,. = pj" (1 + 0.004271) \ (23) 

which formula 

U = total length of wire on the armature 
«B = cross-section of armature conductors 
1 = working temperature of the armature copper in 
degrees Centigrade, and which is to be taken as 75 
deg. C. 
a — number of armature circuits in parallel. 
I The Jitld copper loss in separately excited machines is 
P.i = t/V/ watts (24) 



{ 
I 
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and in plain series generators and motors is 

Pcf = »«V/ watts (25) 

where r/ represents the combined resistance of the field winding 
and its regulating shunt if the latter is used. 
In shunt machines the field loss is 

p,, = t.V. = -* = Ft. watts (26) 

r. 

where r, includes the resistance of the regulating rheostat if one 
is used. 

In long-shunt, compoimd machines, the field loss (total) is 

Pcf = t.V/ + t.V. watts (27) 

where ia = t + t, in case the machine is a generator, and t* = 
t — *, in case it is a motor. 

In short-shunt compound machines the total field loss is 

Pcf = i^f + i.V. watts (28) 

the above relations again holding between t, ia and f«. 

(c) The ohmic loss at the commutator depends upon the drop 
of potential at the transition surface between commutator and 
brushes, as well as upon the amount of current flowing. If the 
drop of potential at each brush is Ae, the loss is 

Pec = 2iaAe watts (29) 

With the usual type of carbon brushes, Ae is approximately I 
volt when the brush current density has values common in 
ordinary practice (see Fig. 261). Values of Ae cited by the 
A.I.E.E. Standardization Rules are shown by the following 
table: 



Volta drop acro08 one brush contact 
Grade of brush (aventse of poaitire and negative 

brushes) 



Hard carbon 1.1 

Soft carbon 0.9 

Graphite 0.5 to 0.8 

Metal-graphite types \ 0. 15 to 0.5 (the former for 

Uuigest pioportioQ of metal) 
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pamphlet' issued by the Weetinghouse Electric and Manu- 
ng Company, the following formula ie given for computing 
a1 brush contact drop 

2Ae = 



+ 1 



(30) 



20 X total brush area in sq. i 
The Core Losses. — 

TERBSIS Loss. — 

le Armature Core. — The relative motion between the armar 

>re and the magnetic field produces a periodic reversal 

magnetism of the core, thereby giving rise to a loss 




rer through molecular friction in the mass of the arma- 
ore. This hysteresis loss can be represented by an em- 
equation due to Steinmetz 

/**» = -i/rS.' "watts (31) 



' a constant depending upon the material of the con 
■ ^9C\ ~ ^^'^ number of magnetic cycles per second 
Di and Generator Testing. 



:^7(i rinscirLKs of dirkct-clrrext machises 

V = the volume of the core 
Ba =■ the maximum value of the flux density in the core. 

If metric units are used in the above equation (volume ii^ 
cubic centimeters and flux density in lines per sq. cm.), i\^ 
0.0021 X 10""^ for ordinary sheet steel; if volume is expressed iJ^ 
cubic inches and flux density in lines per sq. in.,i; = 0.0017 X 10"^* 
Since the weight, W, of the core is proportional to its volume, the 
equation for the hysteresis loss can also be written 

Pha = rifWBa^'^ watts (32) 

in which case iy = 0.0062 X 10"' if British imits are used (weight 
in pounds, flux density in lines per sq. in.). 



FiQ. 278. — Computation of hystereais loss in teeth. 

The curve of Fig. 277 shows the variation of the hysteresis loss, 
expressed in watts per pound per cycle per second, as a function oi 
the flux density expressed in lines per sq. in., using the above 
value of t;. 

In the Armature Teeth, — The flux density varies from section 
to section because of the taper of the teeth, and it is not correct 
to compute the hysteresis loss by substituting an average value 
of flux density in the above equation. 

Consider an element dx, Fig. 278, at a distance z below the tip 
of the tooth ; its volume is 

dV = blkdx = (bt - ^' y ^' x) Ikdx 

where k is the lamination factor (from 0.85 to 0.90). Assuming 
that the total flux is the same at all sections of the tooth, the 
flux density will vary inversely as the width of the section, or 
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Bt is the actual, or corrected, flux deDsity at the top of the 
\. The hysteresis losa in the element is then 



Vbfs total loss per tooth \a 



,'-8B,'" f'- 

J.I 



ibo. 



= 2.3,l/tt,'-'S.'-'(V-' - i 
the volume of a tooth is 

)Ve eitpressioa can be written 
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Flo. 279,— Corn 



. 5/V',B.' • X 5 - 



©' 



(33) 



(34) 



sr words, the expression for the hysteresis loss in the teeth is 
to the general expression, but with the addition of thefactor 



■©' 



'dtnatos of Fig. 279 give the value of this factor for v 
of b't /b,. 
CUBHEN~r Losses. — That part of the core loss due to eddy 
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or Foueault currents can be approximately calculated by the for- 
mula derived below, but it is more usual to determine the loss under 
known experminental conditions for reasons that will appear later. 
Consider a radial element, Q, Kg. 280, of one of the armature 
core stiunpings. Let the thickness of the stamping be t, and let 
d be the radial depth of the core, where c is a numeric. When 
the element is in the vertical position OA, the flux passing through 
its lateral walls is a maximum, and when it is in the horizontal 
axis OB the flux is zero. This change of flux occurs four times 
per revolution in a bipolar machine, or, in general, four times per 
magnetic cycle. The changing flux induces an alternating e.m.f. 
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Fig. 280. — Elementary paths of eddy currents. 

and sets up a corresponding alternating current which may be 
assumed to flow in paths like those indicated in the lower part of 
the figure; an elementary' current path is then bounded by similar 
rectangles of widths 2x and 2(x + dx), and lengths 2cx and 
2c(x+ dx), respectively. The change of flux through such an 
elementar>' circuit will be 4Ba X 4cx« lines per magnetic cycle, 
where Ba is the maximum flux density in the core, or IGBoCxV 
lines per second, where /is the number of magnetic cycles per 
second. The average e.m.f. in the elementary circuit will be 
IQBacfx^ X 10"* volts. The resistance of the path is 

r 4cx 4j 1 
'^Ihdx'^ hcdxl 
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^hfre 7 is the specific resistance of the material of the core. The 
*08S in the elementary path is 







MhB.'Pxfdx 


fTl 


^nd the total loss is 










6HB.r c' 1 
• 7 X 10" c" + ij 
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Fio. 281. — Curves o( eddy current lose. 

But ftrf* is the volume of the element, hence the loss is 

P.a = V 1 m« ' ::rr-, X (volume of tooth) watts (35) 
y X iU c T i 

This equation Bbows that the eddy current loss varies as the 
square of the flux deoBity, the square of the frequency of the 
magnetic reversals, and the square of the thickness of the lamina- 
tions; and inversely as the specific resistance of the core material. 
The equation cannot, however, be relied upon for accurate re- 
sults, because the actual distribution of the current may differ 
considerably from the assumed distribution, and the laminations 
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are not perfectly insulated from each other, as has been taci^^^ 
assumed. Due to these causes the actual measured .loss will ^ 
from 50 to 100 per cent, greater than that computed from t*^^ 
formula. Thus, assuming 

Ba = 10,000 gausses 
/ = 60 cycles 
t = 14 mils = 0.0356 cm. 
r = 12 X lO"* ohms per cm. cube 

^rqrr "" ^ (nearly) 
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 LO 
Fio. 282. — Correction factor, eddy current loss in teeth. 



the loss in watts per pound by the above formula is 0.22, while 
the observed value for these data in the case of annealed sheet 
steel is 0.44 watt per pound. Fig. 281 shows the variation 
of eddy current loss with flux density at frequencies of 25 
and 60 cycles per second and for laminations 14 mils thick. 
The loss at other frequencies and thicknesses can then be 
computed by observing that the loss varies as the squares of 
these quantities. 

Eddy Current Loss in the Teeth. — Referring to Fig. 278, the 
eddy current loss in an elementary section of a tooth is 

dPet = efH^B^ X volume = ePt^B^bkldx 
= €fH%^Bt^kl^^ 
where c is the eddy current constant. Integrating, 
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J^^ dx 
r M - 
, Ot — t ^ 

= €pi%^Bm ,- ^^ , , log. ^ 

Ot — t bt 

log.rr 
= €/»/2B,« X volume of tooth X 2 -. ,,,,,,, (36) 

This equation differs from the original equation (35), in that it 
contains the additional factor 

2 logMb't 
'' 1 - (6V&1)' 
the value of which is shown as a function of 6'< /6< in Fig. 282. 

1 h 

V — 



juiimm; 



T 



Fio. 283. — Variation of flux density opposite teeth and slots. 

EMy Current Loss in the Pole Faces, — Reference has been 
made in Chap. II to the cause of the eddy current loss in the 
pole faces. This loss is confined to a relatively thin layer at 
the face of the pole because the direction of the induced eddy 
currents is always such as to damp out the flux pulsations that 
produce them (Lenz's law). 

The flux pulsation at any given point in the pole face will 
pass through a complete cycle of changes in the time required 
for a point on the armature to move over a distance equal to 

the tooth pitchy that is, in a time t' = , y^^ seconds. This 

gives a frequency of ft = p= ^qI = number of teeth X ret. 

per see. 

Fig. 283 represents the variation of flux density at the pole 
face on the assumption that the curve of distribution is sinus- 
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oidal. The amplitude of the pulsation is B' — ~^'i> — ■ 

Then if 

V = peripheral velocity of the armature in centimeters pa 

Becond 
n = permeability of the material of pole face 
fi = specific resistance of material of pole face in abgolott 
electromagnetic units 
the pole face loss in watts per sq. cm. is' 



Ef^.n-.M?!!. 



where fc* = 



<B,f 



X 10-' ~k*^ J^^ X 10-» . (37) 

or \ tip 

a function of the relative dimenaons o' 



the air-gap, teeth and slota. Adams* has worked out the eur.* 
of Fig. 284 as giving fairiy satis- 
factory values of k* in terms of Ihf 
ratio b./S. If British unite are used 
{Bg in lines per sq. in., v in feet per 
second, ( in inches and m and p as 
above) the loss in watts per sq. in. "f 
pole face is given as 
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= 1.65 X 10-^ Jt'^,* 



(38) 



Total Core Lobs.— Except in ll"' 
~f" case of special designs, it is mow 

Fiu. 2M4.— ConBiant for oalnila- convenient to have access to the 
tion o poe-nce ws. combined values of hysteresis anfl 

eddy current losses than to compute each of these Iossps 
separately. Test methods lend themselves readily to ihe 
determination of the total core loss, and from the results of such 
tests curves like Fig. 285' can be prepared. 
179. Mechamcal Losses. — 
Bearing Friction and Windage. — While it is possible to compute 
the loss due to bearing friction, the loss due to windage involves so 
many complex variables that calculation of its magnitude is im- 
'Potier, L'lndustrie Elcrtrique, 1905, p. 35. 

Rtidcnberg, Kick trotcchnisc lie Zeitach rift, Vol. XXVI, p. 181, 1905. 
• Adams, Lanier, Pope aod Schooley, Trans. .VI.E.E., Vol. XXVIII, 
p. 1133, 1909. 

'Fi9in Grab's Electrical Machine Design, p. 102. 
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ossible. As it is likewise impossible to separate the combined 
alue of the two losses as obtained by test measurements, they are 
Iways grouped as /ric/i'on and mjwfa^e loss. This loss varies from 
t« 3 per cent, of the rated capacity in high-speed machines of 
loderate capacity, and from O.S to 2 per cent, in low-speed machines 
f moderate size. In large direct-connected machines the loss 
ill be from }iiol per cent. In very high-speed machines, such 
9 turbo-generatorB, the loss due to windage will be increased. 



Fio. 285— Total core loss. 
Friction loss in the bearings varies with the ^ power of the 
^ripheral velocity of the shaft in the bearings, up to velocities 
about 1800 ft. per minute; at higher velocities it varies directly 
ith the velocity. The windage loss, as in the case of fans, 
jies as the third power of the speed. But in both cases these 
)ses are independent of the load on the machine. 
Commutaior Friction Loss. — 
t 

iLim = diameter of the commutator, inches 
Ai = total area of brush contact, sq. in. 
p, = brush pressure (lb. per sq. in.) 
f = coefficient of friction. 
len the brush friction loss, in watts, is 

_ '^— ".^^i?^ X 746 = 0.0059d„«uA.p,S -w^-Wa t^Ri^ 
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Ordinarily the value of Pe is from 1.5 to 2 lb. per sq. in., and/ia 
about 0.3 for carbon brushes and 0.2 for metal brushes. 

180. Stray Load Losses. — 

Eddy Currents in the Armature Conductors. — ^When large, solid 
armature conductors are used in open slots, different portions 
of the same section of the conductor may be simultaneously in 
fields of different strength. Under these conditions e.m.f8. of 
different magnitudes will be generated from point to point of the 
cross-section, and eddy currents will result. The loss due to 
these eddy currents may be from 5 to 15 per cent, of the loss due to 
the ohmic resistance. This is equivalent to saying that, so far as 
the armature copper loss is concerned, the effective armature 
resistance is from 5 to 15 per cent, greater than the true resistance. 
This loss may be minimized by stranding the conductors or using 
smaller conductors in parallel. 

MisceUaneou^ Losses Due to Shortf-drcuUed Currents, Etc.— 
These are minor losses, and cannot be computed. In testing, 
they are absorbed in the amount attributed to friction, windage, 
and core losses. 

Summary of Losses 

CHOPPER Loss: 

Arnuiture ta*r« 

¥\c\d : sjeparately excited i/V/ 

SiTieS iaV/ 

shunt uht 

compound, long shunt U*r/ + i,V, 

compound, short shunt i*r/ + i,*r. 

Commutator 2ia * Ae 

C\»HK Loss: 

HvMtcnvsis: armature core rifVBm^'* 

1 - (^)'* 

armature teeth rifVtBt^'^ X 5 /h'Tt — 

' - U;) 

luUly currents: armature core (fH*Bm^V 

armature teeth tPt^BfVt X 2 r^^^^'^I'^^Vi 

pole faces k*Bg*\l - X constant 

\Ua u vN UAL Losses: 

IVaiiuK friction and windage Hto3 per cent, depending 

upon size and speed. 
iUush friction Q m^QdkomnAkPcf 
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t Load Lo^G^t: 

y currents in amiaturv conductuns (0.05 lo 0. 15) luVu 

e lo currents in Bliort-circuit«?il coils, etc. 

1 181. Rating and Capacity. — The rating, or rated output, of a 
initchiQc is based on, but does not exceed, the maximum load 
which can be taken from it under prescribed conditions of test. 
If these prescribed conditions are those of the A.I.E.E. Stand- 
ardization Rules, the rating is said to be the Institute rating; if 
the prescribed conditions are those of the International Electrical 
Commission, the rating is said to be the I.E.C, rating. The 
capacity of a machine, expressed in terms of its output, is the 
Iliad or duty it will carry for a specified time, or continuously, 
without exceeding certain temperature limitations, as described 
in the next article. 

The Standardization Rules of the A.I.E.E. define two kinds 
of ratings, namely, coiUinuous rating, and short-time TOttTtg, 
the latter applying to machines designed for discontinuous 
ot intermittent service. In determining the continuous rating, 
tbe machine is subjected to a heat run, or test under load condi- 
tions, for a sufficient length of time to bring about a constant 
difference of temperature, of prescribed amount, between the 
machine and the surrounding air. If the load on the machine 
is uomial f ull load, it may take from six to eighteen hours to reach 
slalionary temperature conditions, but the time may be reduced 
Iiy overloading the machine to a reasonable extent during tlie 
preliminary period. By taking temperatm-e readings at more 
or less regular intervals during the test, and plotting rise of 
leraperature against time, the shape of the curve so obtained will 
iudicate to wliat extent the load .should be increased or de- 
based. The short-time rating of machines intended to operate 
intermittently, that is, with more or leas frequent stops of 
sufficient duration to allow cooling to occur, is the load that the 
machine will carry for a specified, limited period, without ex- 
ding prescribed conditions of test. 
ichines which operate on a cycle of duty that is repeated 
e or less regularly, as in elevator service, are rated in terms 
if an equivalent load which may be based either on a continuous 
or short^tirae test, but selected to simulate as closely as possible 
tbe thermal conditions of actual service. The standard durations 
khort^time equivalent testa are 5, 10, 30, 60 ai\4. Vift Buxixi'yjR,. 
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Tho Standardization Rules specify that the rated output 
of both generators and motors shall be expressed in kilowatts, 
thus marking a departure from the practice of rating motors in 
terms of horse-power. For practical purposes, the horee-power 
rating, if used, may be taken as four-thirds of the kilowatt rating. 

182. Allowable Operating Tenqieratures. — ^Theoretically, the 
output of a generator is Umited only by the possibiUty of suffi- 
ciently reducing the resistance of the receiver circuit, at the same 
time maintaining the generated e.m.f. and supplying the driving 
power; practically, however, the capacity of the machine is 
limiteil by the ability of the insulation to withstand without 
deterioration, and for long periods, the maximum temperature 
caust^d by the heating due to tV and other losses, though in some 
cases the load limit may be determined by commutating condi- 
tions. For each kind of insulating material there is a limiting 
temperature above which deterioration is very rapid., but so far as 
the useful life of the insulation is concerned there seems to be no 
particular advantage in operating at temperatures below the safe 
limits. In case the machine is designed to operate at tempera- 
tures well within the safe limits, there will be a margin between its 
rating and its capacity, hence these terms are not synonymous. 
If the safe limits of temperature are exceeded, the deterioration 
of the insulation is rapid, the damage increasing with the dura- 
tion and extent of the excess temperature. 

In the Standardization Rules of the American Institute of 
Electrical Engineers in force prior to the adoption of the ne^ 
(191G) rules, it was specified that the allowable rise of tem- 
perature of the parts of a machine (excepting railway motofj^^ 
should be as follows: armature and field windings, 50® C: 
commutator, 55° (\; bearings, 40° C\ These rises of temperature 
were bastul upon standard conditions of a room temper4ture of 
25° C\, a barometric pressure of 760 mm., and normal conditions 
of ventilation. It was further provided that if the room tem- 
perature (lifT(»red from 25° C\, the observed rise of temperature 
should be corrected by 3 2 P^r cent, for each degree diflference 
between room temperature and 25° C\, the correction to U* 
added to the observed rise if the room temperature was below 
25° C, and subtracted if it was higher. 

In the new rules, emphasis is placed upon the highest permis- 
sible temperature of the hottest spot as well as upon the maximum 
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: temperature. The rise of temperature in the case of 
)led machines (excluding railway motors) is based upon 
bient temperature of 40** C, but it is particularly specified 
he observed rise of temperature must never exceed the 
given in the following table, whatever may be the ambient 
rature at the time of the test. 



•: OF Permissible Temperatures and Temperature Rises fob 

Insulating Materials 



ise 



Cotton, silk, paper and other 
fibrous materials, not so 
treated as to increase the 
thermal Hmit. 



Similar to Al, but treated or 

; impregnated and including 

enameled wire. i 



Mica, asbestos and other 
material capable of resisting 
high temperatures, in which 
any Class A material or 
binder is used for structural 
purposes only, and may be 
destroyed without impairing 
the insulating or mechanical 
properties. 

Fireproof and refractory ma- 
terials, such as pure mica, 
porcelain, quartz, etc. 



HJchest perini»- 
sible tempera- 
tures for hot- 
test spot 



95*'C. 



HisheBt permiMi- 

ble temperature 

rise of hottest spot 

above 40** for the 

purpose of fizins 

the Institute 

Rating 



106° C. 



125** C. 



55° C. 



65° C. 



86° C. 



No limits specified 



ill be noted that the above temperature limits recognize 
vances in the art of constructing insulating materials that 
)een made since the adoption of the superseded rules, 
it is known that insulating materials coming under the 
f Class B can be supplied to withstand maximum tempera- 
)£ 150° C. and even higher, the limit has for the ^tQia^\>Lt. 
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lx*on sot at 125° C, pending the accumulation of more extensive 
data at higher temperatures; machines designed for maximum 
operating temperatures in excess of 125** C. must be subject to 
special guarantees by the manufacturer. 

The temperature limits of commutators must not exceed the 
values given in the tables for the insulation employed, either in 
the commutator or in any insulation whose life would be affected 
by the heat of the commutator. These limits are intended only 
to protect the insulation of the commutator and of adjacent parts, 
and an^ not intended as a criterion of successful commutation. 

The new rules abolish the requirement of a correction of the 
ol^served rise of temperature due to a difference between the 
ambient temperature at the time of the test and the standard 
n^fen^nce temperature (except in the case of air-blast transformers 
which an* not considered in this text.) This is due to the fact 
that numerous tests have shown that the effect of variations of 
the ambient temperature is small, obscure and of doubtful 
direction. It is, however, recommended that tests be con- 
ducted at ambient temperatures not lower than 15° C. The 
effect of high altitude in increasing the temperature rise of some 
types of machinery is recognized by specifying a reduction of the 
normal permissible temperature rise to the extent of 1 per cent. 
for each 100 meters bv which the altitude exceeds 1000 meters.^ 
In the case of machin(*s intended for operation at an altitude of 
1000 meters or less, a test at any altitude less than 1000 meters 
is satisfactory and no temperature correction is necessary. 

Three methods of determining temperatures of the various 
parts of a machine are specified, one or the other of these 
methods being adequate for commercial tests. 

1. Thermometer method , including measurements by mercur}* 
or alcohol thermometers, by resistance thermometers, or by ther- 
mocouples, any of these instruments being applied to the hottest 
accessible part of the completed machine. When this method 
is used, the hottest-spot temperature is estimated by adding 
a hottest-spot correction of 15° C. to the highest temperature 
observed, except that wlien the the rmometer is applied directly 
to the surface of a bare winding, such as an edgewise strip con- 
ductor or copper casting, the correction is 5° C\ instead of 15"^ C. 

The ambient temperature is to Ix^ measured by means of 

^ Wl^ter-CQpI^d oil tranBfQrmers are exempt from this reduction. 
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several thcrnioincicrs placcfl at different points around and half- 
way up tlu» ma(;hine at a distance of 1 to 2 meters, and protected 
from drafts and abnormal heat radiation. To this end the 
thermometers are to be immersed in oil in a suitable heavy metal 
cup, for example, a massive metal cylinder with a hole drilled 
partly through it. This hole is filled with oil, and must be suffi- 
ciently deep to insure complete immersion of the bulb of the 
thermometer. The smallest size of oil cup permitted by the 
rules consists of a metal cylinder 25 mm. (1 inch) in diameter 
and 50 mm. (2 inches) high, but the size of the oil cup must be 
increased with that of the machine under test. The object of 
thus increasing the size of the oil cup is to avoid errors in the 
calculations of temperature rise due to the time lag between 
changes of temperature of the machine and the surrounding air, 
this time lag being greater the greater the size of the machine. 

Where machines are partly below the floor line in pits, the 
temperature of the armature is referred to a weighted mean of the 
pit and room temperatures, the weight assigned to each being based 
on the relative proportions of the machine in and above the pit. 
The temperature of the portion of the field structure constantly 
in the pit must be referred to the ambient temperature in the pit. 
2. Resistance Method. — This method consists in the determi- 
nation of the temperature of windings by measurement of their 
. increase of resistance; when this method is used, careful check 
readings must be taken by means of thermometers, but without 
disassembling the machine, in order to increase the probability 
of revealing the highest observable temperature. Whichever 
method yields the highest temperature, that temperature shall 
be taken as the highest observable temperature and a hottest- 
spot correction of 10® C. added thereto. This method is not per- 
mitted in the case of low resistance field coils where the joints and 
connections form a considerable part of the total resistance. 

In the case of resistance measurements the temperature 
coefficient of copper is to be computed from the formula 
1/(234.5 4- 0> where t is the initial temperature in degrees Cen- 
tigrade. From this it follows that the rise of temperature of a 
winding is given by the formula 

e = (234.5 + t) {^1^' - 1 ) (40) 
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where 

Rt+9= resistance of winding at {t + S) degrees 
Rt » resistance of winding at t degrees. 

3. Embedded Temperature-detector Method. — This method in- 
volves the use of thermocouples or resistance coils located 
as nearly as possible at the estimated hottest spot, but is to 
bo used only with coils placed in slots. The thermocouples 
or resistance coils are built into the machine, and a sufficient 
number shall be employed to insure locating the hottest spot. 
They should be placed in at least two sets of locations, one 
between the coils and core; and one between the top and bottom 
coils in the case of two-layer windings, or between the coil 
and wedge in single-layer windings. Detectors of this kind 
will assume a temperature practically equal to that of the 
adjacent coils. A correction of 5® C. is to be added to the 
highest reading in the case of two-layer windings with detectors 
between coils and between coils and slots; and a 10® correc- 
tion in the case of single-layer windings, plus 1** C. for each 
1000 volt« above 5000 volts terminal voltage (single-layer wind- 
ings are commonly used in alternators, seldom or never in 
direct-current machines). 

183. Heating of Railway Motors. — Operating conditions in 
the case of railway motors are much more severe than in ordi- 
nary motors because of restricted space and the nature of the 
service. It is therefore good practice to permit higher work- 
ing temperatures for short periods than in other types of ma- 
chines. Further, the variable nature of the load makes it more 
difficult to give a definite rating to railway motors. The nomind 
rating of a raijway motor is, therefore, arbitrarily defined as the 
mechanical output at the car or locomotive axle, measured in 
kilowatts, which causes a rise of temperature above the sur- 
rounding air, by thermometer, not exceeding 90** C. at the 
commutator and 75® C. at any other normally accessible part, 
after one hour's continuous run at its rated voltage on a stand 
with the covers arranged to secure maximum ventilation with- 
out external blower. The rise in temperature, as measured by 
resistance, shall not exceed 100® C. The statement of the 
nominal rating must also include the corresponding voltage and 
armature speed. 
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The continuous ratings of a railway motor are defined as 
^he inputs in amperes at which it may be operated continu- 
>usly at one-halfy three-fourths and full voltage respectively, 
^thout exceeding the specified temperature rises tabulated 
xlowy when operated on stand test with the motor covers and 
cooling system, if any, arranged as in service. The system of 
/entilation must be defined, and if cooling is by means of forced 
iraft the volume of air on which the rating is based must be given. 

Table of Maximum Temperatures and Temperature Rises 





Maximum observable temperature 
of windings 


Temj;>erature rises of 
windings on stand test 


ClMSof 

insuUiting 
materials 


Short periods 


Continuous 


Continuous 




therm. 


By 

resist. 


By 

therm. 


By 
resist. 


therm. 


resist. 


A, 

B 


100 
115 


125 
145 


85 
100 


110 

130 


65 
80 


85 
105 



The temperatures obtained on stand test, with current and 
voltage adjusted to give losses equal to those in service will 
be higher than in actual service because of the absence of the 
irentilation due to the motion of the car or train. In general, 
the temperature rise in actual service will be from 75 to 90 per 
jent. of the temperature rise on stand test in the case of en- 
closed motors, the losses being the same in both cases; and 
from 90 to 100 per cent, in ventilated motors. 

184. Temperature Specifications of Electric Power Club. — 
The Electric Power Club, composed of the principal manufactur- 
ing companies of the United States, and successor to the American 
Association of Motor Manufacturers, has adopted a set of stand- 
ard specifications for generators and motors which differ in some 
respects from the Standardization Rules of the A.I.E.E. The 
following specifications are taken from the tenth edition (Febru- 
rary, 1917) of the regulations adopted by the Club. 

Temperature Ratings 

1. There may be two ratings for open type motors and genera- 
tors with Class A insulation and continuous timo ratings as 
follows: 
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(a) A rating giving a 40-deg. C. temperature rise guarantee 
under continuous operation with a two-hour, 25 per cent, over- 
load guarantee at 55 deg. C, to be designated and known as 
the 40-deg. rating. 

(6) A rating giving a 50-deg. C. temperature rise guarantee 
under continuous operation without overload temperature 
guarant^^y to be designated and known as the 50-deg. rating. 

2. Machines having 40-deg. ratings are designed for all 
classes of service, including those in which an overload capacity 
of 25 per cent, for two hoiu^ is desired. 

3. Machines ha\dng 50-deg. ratings are designed for condi- 
tions in which the load requirements are accurately known, and 
under which the machine will not be subjected to load in excess 
of its rating. Other ratings without overload temperature 
guarantee, which are designed for these same conditions of 
service, are: 



iv.rw» ClaaB of 

^P* insulation 

Open A 

Semi-enclosed A 

Enclosed A 

Open B 

Semi-enclosed B 

Enclosed B 



Time 
rating 



Short-time 
Any 
Any 
Any 
Anv 
Any 



Temperttttre 
rating 
defTC. 



50 
50 
55 
70 
70 
75 



185. Output Equation. — A definite relation, originally derived 
by G. Kapp, exists between the rating, speed and dimensions of 
the armature. This relation, when expressed in algebraic form, 
is commonly referred to as the output equation. Thus, let 

V = rated terminal voltage 
ia = rated armature current 
\l/ = ratio of pole arc to pole pitch 
q = ampert^conductors per unit length of armature 
periphery. 



Since 



and 



'' = «oo*x"o^ ("""'■'>■) 



^ = BM= -- B,/ (nearly) 
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the power output of the machine in kilowatts is 



Vi 



T^Bgq 



^^ = 10^ = eoT^lf. ^*'^ - ^^''^ 



where 



f = 



irhl^BoQ 

60 X 10" 



(41) 



(42) 



is called the outprd coefficient The numerical value of this 
coefficient depends upon the ^Mcsign constants'' of the machine, 
4^f Bg and q, but principally upon Bg and q since the range 
of values of ^ is limited. Bg is clearly a measure of the degree 
of utilization of the magnetic material of the machine; similarly, 
9 is in part a measure of the specific utilization of armature 
copper, for it is closely related to the thermal characteristics, as 
has been shown by Adams. ^ Thus let q be expressed in ampere- 



a cir.tnlU 




Fio. 286 — Calculation of copper loss per sq. in. of armature surface. 



conductors per inch of armature periphery, and let A be the current 
density in the armature conductors expressed in circular mils per 
wnpere. Let Fig. 286 represent a portion of the armature 
surface (shown as a smooth-core type for convenience) of 1 inch 

squaFe. Each conductor will carry a current of - amperes, 
^ndits cross-section will be -A circular mils; its resistance per 



a 

inch of length is 

length . V. 1 « 

area la , ta h 

— n 
a 



ohms 



'Trans. A.I.E.E., Vol. XXIV., p. 663, 1906. 
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since the specific resistance of copper at the working tempera- 
ture of the armature is very nearly 1 ohm per circular mil-incb. 
The iV loss per conductor is then 






But the number of conductors per inch of armature periphery is 
- = -. , hence the i*r loss per sq. in. of armature surface is 

-r X -. - = f watts per sq. m. («) 

The value of q varies from about 400 in machines of 20 kw. 
or less, up to about 800 to 850 in machines of 1000 kw. capacity. 
The ratio q h (watts per sq. in. due to copper loss) is generally in 
the neighborhood of unity for ordinary peripheral velocities oi 
2500 feet per minute, but may be as high as 2.5 in large machines 
running at high peripheral speeds (6000 feet per minute) where the 
ventilation is more effective. Values of Bg range from about 
40,000 lines per sq. in. in small machines up to 60,000 lines pei 
sq. in. in large machines. The value of f generally lies between 
0.000015 (small machines) and 0.000056 (large machines). 

186. Heating and Cooling Curves. — The energy losses in any 
machine are convcrteii into heat and cause a rise of temperature 
whose final value depends \i\yon the heat capacity of the material 
of the structure and upon the facility with which the heat may be 
radiated or otherwise dissipated. The temperature will become 
stationary when the rate of heat generation becomes equal to the 
rate of dissipation. 

It is of interest to derive the law of heating and cooling of a 
homogeneous body for the reason that it throws light on the con- 
ditions obtaining in the more complex structure of a generator 
or motor. 
Let 

Q = h(\it ^enoratod i>or second, in kg-calories 
.s- = s|M'cifi<* heat of the substance = amount of heat 
n'(|iiin'(l to raise* 1 kj;. 1° C. 
]y = wcijiht of thv body in kj;. 
A = raciiatiiiK surface in sc|. cm. 
a = cocfiicient of cooling = amount of heat in kg-cal. 
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dissipated per second per sq. cm. of radiating surface 
per degree difference of temperature between body and 
surrounding medium 
B = temperature of body in degrees Centigrade 
^1 = temperature of surrounding medium in degrees 
Centigrade. 

1. Heating of the body. 

In a time dt the temperature will increase by dd degrees. Dur- 
ing this interval the heat liberated amounts to Qdt kg-calories, 
and the body absorbs sWdO kg-calories. The remainder will be 
dissipated, to the amount Aa{d — di)dt kg-calories, so that 

Qdt = sWde + Aa{e - eOdi (44) 

Transposing, 

sWdd 
^^^ Q-Aai.e-e,) 

Assuming that B = B\ when t = 0, 

dB 



\di = sW \ 

Jo J$l 



- Aa{B-Bi) 
which gives 

^-^i = ;^(i-^""»^') (45) 

When / = 00 , 

{B -^,).-co= ^ (40) 

and this is the limiting temperature rise of the body. The last 
equation (46) may be written 

Q =aA{B - Bi)t^oo (47) 

which expresses the fact that when the temperature becomes 
stationary the rates of heat production and dissipation are 
equal. 

2. Cooling of the body. 

In this case no heat is being developed, consequently Q = 
and the fundamental equation becomes 

= sWdB + Aa{B - Bi)dt (48) 

H the temperature is G degrees when / = 0, 
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x--r:^/^ 



fl - fl, = (e - 0,)t •* (49) 

as the equation of the cooliDg cui-ve. It Q ~ $i = (9 — 9i),,a 
= -^, that 13, if the temperature at the banning of coolii^ia 
equal to the limiting temperature at the end of the heating period, 



to~~ ^ 

i if s~ ' 

^ 10 -t -\r 



Km. i;sr. — Henling and coolind pur\-p». 

(he equation of the cooling curve is the same as the variable part 
of the hcatinp equation, but with a change of sign. Hence, in 
this case, the heating and cooling curves areof the same logarith- 
mic shape, but one is turned upside down with respect to the 
other, as shown in Fig. 287, 

Differentiating the heating equation 



■ fli = 



1- 



and substitutini! ( = in the result, the »lo[)e of the curve at thi 
urigin is found to be 

«_ 






(60) 
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that is, dependent upon the mass and material of the body, but 
not upon its cooling area or the nature of the radiating surface. 
In fact, at the first instant, all of the heat is absorbed and none 
oiitis radiated; hence, the slope of the curve at the origin gives 
the rate at which the temperature would rise if all the heat were 
absorbed. If the temperature continued to rise at this rate, the 

limiting temperature rise, —j , would be reached in a time 

sW 
T = —.- seconds: T is called the time constant of the body. 
aA 

The beating equation can then be written 



'-'^ = -^{'-'~'') 



To substitute numerical values in the above equations, the 
following relations obtain 

Q = 0.2386 X (loss in kw.) kg-cal. per sec. 

= 0.527 X (loss in kw.) Ib-cal. per sec. 
8 = 0.11 for iron 
s = 0.09 for copper. 

The value of a may be found from the experimentally de- 
termined^ fact that when air is blown across the bare (or thinly 
varnished) surface of an iron core its surface temperature will rise 
1** C. when the radiation is 0.0038 (1 + 0.25t;) watts per sq. cm. 
of surface, where v is the velocity of the air in meters per second; 
this is equivalent to 0.0245 (1 + 0.00127t;) watts per sq. in. if 
» is in feet per minute. From this it follows that 

a = 0.906 (1 + 0.250t;) X lO"* kg. cal. per sec. per 

sq. cm. per 1® C. (51) 

where v is given in meters per second; or 

a = 12.89 (1 + 0.00127t;) X lO"* Ib-cal. per sec. per 

sq. in. per r C. (52) 

wbere v is expressed in feet per minute. 

The experiments of Ott also showed that if the surface of the 
core is coated with a thick double layer of varnish the radiation 

' Ludwig Ott, London Electrician, 1907, p. 805. 
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is 0.0030 (1 + 0.107 v) watts per sq. cm. per 1** C. rise of surface 
temperature, t;beingin meters per 8econd;or 0.0194(1 +0.00054rj 
watts per sq. in. per 1® C, v being in feet per minute. 

Temperature rise computed from the above formula will not 
agree in general with the observed rise in actual machines be- 
cause it neglects the transfer of heat from the winding to the core, 
or vice versa; likewise, the irregular distribution of heat evolution 
and the thermal capacity of the insulation. But in general temis 
it will be true that the ultimate rise of temperature can be expressed 
by the equation 

B — Bi = constant X — ^r—. *5 — (53) 

radiatmg surface 

where the constant is in each case to be determined by experiment. 
187. Heating of the Armature. — The experimental results of 
Ott referred to above may be changed to a form applicable to the 
rotating part of the machine. Taking the value of the radiation 
for bare or thinly varnished surfaces, the temperature rise is 
given by 

where 

w = total watts dissipated 

a = total radiating surface, sq. cm. 

V = peripheral velocity of armature, meters per second 

while for a heavilv varnished surface 

^ ^'- a 1 + 0.107«; ^* ' 

Accordingly, thv rise of temperature for a radiation of 1 watt 

w 
per sq. cm. is found by putting = 1. The temperature ri.'^o 

u 

(in degrees ( Vntiji:ra(lc) for a radiation of 1 watt per sq. in., 
expressing v in feet per minute, is 

1 I ix /wlio-r f<>r »i bare surface 
1 + ().()0r2/t' 

1 I i\ 7ww»- i f<^** a hcjivilv varnished surface 
1 + 0.000.>u' 

Other writers give the value of this constant as follows: 



Metric units Englisli units 

55(1 85 

^''^ l+0.1i> l + 0.0(jO5ft 

'^"'°"' 1+0.1« 1 + 0.000511. 

354 

i^" i'+aoooS 

„., 640 99 

""~° l+O.lSii 1+0.00091» 

„, 645 100 

Thompson .... YTo:3Vt 1 + 0.0213 V. 

The above expressions are embodied in Fig. 288, which shows the 
rise of temperature per watt per sq. in. as a function of the pe- 
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D temperature rise itii<i peripheral velocity of 



Hpheral velocity in feet per second. It will be observed that the 
curve represented by Arnold'sformulaliesnearlymidway between 
the two corresponding to Ott's researches, at least for values 
of V within the usual limits of practice. 

ItShouldbe noted thatallof the above formulas forcomputing 
rise of temperature are more or less uncertain, unless applied to a 
machine of the same type as that from which the constants were 
experimentally determined. A large part of the differences be- 
tween the curves of Fig. 288 is due to the fact that there is no 
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absolute agreement as to wtmt L-onstitutes the rndiatlng siirfacp. 
Some writers 8|)ecify the outer cyhndrical surface only, l<ut 
including the surface of the cm! connections as well as of the eoru; 
others include the exposed sides of the core in addition to the 
outer cylindrical surface. Evidently all exposed surfaces are 
useful in radiating heat, but not to the same extent. The 
magnitude and direction of the flow of heat from the interior to 
the oxiprior of a mass will depend upon the heat conductivity 
in diffprent directions; and since the conductivity along the lami- 
nations is much greater than across them (Ott found it to lie from 
50 to 100 times greater) it follows that unless the core is very 
deep the greater part of the heat will l>e dissipated from the cylin- 
dricid surface. It has been pointed out' that a rational equation 
for the rise of temperature of an armature should be of the form 



2ai + cSaj 1 -I- bu 



(5ti) 



Sffli = sum of cylindrical cooling surfaces 
2(11 = sum of end surfaces 

c = a variable coefficient less than unity. 

The value of c will be smaller the greater the ratio of heat ( 
ductivity along the laminations to that across them. 
The Arnold formula for rise of armature temperature is 



> ( 40 to 7 0) 
1 + 0.00051 V 



(57) 



I 



where a and v are expressed in square inches and feet per minute, ■ 
respectively. The numerical coefficient in the numerator is U) 
be taken near the lower limit of its range when the ventilation 
is good. In using this formula, however, it should be noteJ 
that w does not include the watt« dissipated in the end connec- 
tions, nor does a include their surface; in other words, the rise 
of temperature of the armature core is to be distinguished from 
that of the end connections. Consequently, to estimate the rise 
of temperature of the core, the value of «i to be inserted in the 
formula is 

' Olt, London Elei-trioian, lOOT, p. 805. 
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^ ^ , , , embedded length of winding ^, . , ..^v 

w = total core loss + — to^n^thorwhTding " ^ '" '"» ^^^^ 

The value of a recommended by Arnold is the cylindrical surface 
of the core, plus the two end surfaces, plus half the lateral area 
of the walls of the ventilating ducts; or (Fig. 289) 

a = Tdl + Tda„erH2 + 71^) (59) 

In the case of the end connections, 

free length of winding 



w = 



total length of winding 
27rdU 



X tjr, 



(60) 




Fio. 289. — Dimensions of radiating surfaces. 

In semi-enclosed machines the temperature rise is about 50 per 
cent, greater than that given by the above formula, and in en- 
closed machines it is about twice as great as given by the formula. 
188. Heating of the Field Coils, i— The field coils are heated 
. not only by the ih. losses that occur in them but also by the 
losses in the pole faces caused by eddy currents, and by radiation 
from the armature. The heat is dissipated in three ways: by 
eonveetion in the surrounding air; by conduction through the 
pole cores and yoke; and by direct radiation. The temperature 
inside the coil varies from point to point in a manner depending 
upon the depth of the winding and upon the nature of the insu- 
lation, being highest near the middle of the cross-section of the 
ooil and lowest on the exposed surface. Impregnated coils run 
cooler than ordinary coils, for the insulating compound is a better 

1 For the results of elaborate studies of field coil heating refer to articles 
by Neu, Levine and Havill, Electrical World, Vol. XXXVIII, p. 66, 1901; 
and by Ott, London Electrician, 1907, p. 805. 

26 
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heat conductor than the air it replaces. Measurement of the 
rise of temperature bj' the increase of resistance gives the amhqt' 
rise of temperature of the winding as a whole, the maximuoi 
rise at the hottest point being from 12 to 20 per cent, greater 
than the average rise. The average rise of temperature of the 
entire winding is from 40 to 60 per cent, greater than the average |; 
rise of temperature of the exposed surface; the latter is determined r 
by taking the mean of thermometer readings at the middle and * 
ends of the exposed cylindrical surface. 

Formulas for computing the rise of temperature of field coils are 
of the form 1 

^ _ _ ^ w at ts lost in co il ^.. i 

^ radiating surface of coil i 

Different writers assign various values to the constant C, de- 
pending upon the selection of what constitutes the radiating 
surface. Obviously, C means the rise of temperature due to a 
radiation of 1 watt per unit area. If the radiating surface is 
expressed in square inches and is taken to mean the outer cylin- 
drical surface exclusive of the exposed end, the value of C for 
open type machines, and under standstill conditions, is from 
70 to 80, with an average of 75. The value of C decreases 
with increasing peripheral velocity of the armature, due to 
fanning action, by approximately 5 p)er cent, per 1000 feet per 
minute, or 

C = 70(1 - O.OOOOor) (62) 

where v is peripheral velocity in feet per min. This is an average 
value, the decrease of C being somewhat greater if the coils are 
short, because of the cooling effect of the yoke; and somewhat 
loss if the coils are long. In machines of the protected type C 
is approximately 50 per cent, greater than the above value, and 
in enclosed machines from two to three times greater than given 
by equation (62). 

Field coils of the ventilated type of construction are made of 
concentric parts with an openspaceof about J^ inch between them. 
The greater surface presented to the air by reason of this con- 
struction permits of increased radiation; however, the internal 
surfaces of the ducts are not as effective as an equal area on the 
outside. For a given temperature rise the ventilated coil will 
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jadiate about 50 per cent, more watts per sq. in. than an or- 
dnary coil; or, what amounts to the same thing, C may be 
taken as equal to 50. 

189. Heating of the Commutator. — The commutator is heated 
by the losses due to brush friction, Pb/, and by the flow of the 
current across the contact resistance between commutator and 
brushes. The rise of temperature can be computed from the 
formula 

W 1 

e^e,^ 20 -^ J ^ 0.000511; ^^^ 

where 

W = total loss at the commutator 

V = peripheral velocity of commutator in feet per 
minute. 

190. Rating of Enclosed Motors. — If a motor of the open type 
18 converted into one of the enclosed type, it is clear that its 
rating must be reduced to avoid excessive temperature rise. 
Experience shows that a reduction in horse-power rating of about 
30 per cent., accompanied by an increase of speed of 20 per cent. 
will give a temperature rise within standard limits. The 
reduction in horse-power rating decreases the current and con- 
sequently the i^r losses, and the increase of speed permits a 
reduction of the flux per pole, thereby lowering the excitation 
\oBS and the core loss. The core loss deereajses notwithstanding 
the increase of speed, for the effect of reduced flux density more 
than outweighs the effect of increased frequency of the magnetic 
leversals (see Fig. 285) ; the core loss varies nearly as the square 
of the flux density, and approximately as the first power of the 
speed since the hysteresis loss is always greater than the eddy 
eurrent loss. 

PROBLEMS 

1. A 125-volt shunt motor has an armature resistance (including brush 
contact resistance) of 0.04 ohm and a shunt field resistance of 25 ohms. 
When running without load the armature current is 6.2 amp. and the speed 
li 1176 r.p.m. Find the conventional efficiency, the efficiency of conversion 
and the mechanical efficiency when the armature current is 165 amp. 
What is the horse-power output with this armature current, and what is 
the corresponding speed of the motor, assuming constant flux? 

8. Solve Problem 1 on the assumption that the armature resistance of 0.04 



pniNCIPLBS OF DIRECT-CURUENT MACUI^BS 

ohm dcicsH not include the brush coDtjict rcsiat-Hncc, luid using the A, 1, E.E, j 
nilo for bnifih drop. 

3. Find the efficiency of the above motor when the ftrmature ciirfe 
values of 25, 50, 75, 100, 150, and 200 nmp., and plot a curve sbo«in('h» I 
relation between efficiency and horse-power output. Use the A. i E. £■ f 
rule for brush drop. 

4. At what value of horse-power output will the motnr of Frohlcm I I 
develop maximum efliciency, and what ia the value of the maiiiuuni | 
efficiency? 

5. If the rated output of the motor of the above problems ia 25 h,p, 
what will bo the armature current at }i, }i, H. find I>i times ml*! lo ' 
allowinK for bnish drop? Plot a curve showing the relation between in 
ture current and per cent, of rated load. 

6. Compul* the all-day efficiency of the motor of the preceding pfoblcinh 
if it operates at )i load for 3 hr., at H load for 2 hr,, at K toad for I'j h-. 
at full load f<ir 3 hr., and at I Ji times full load for }4 hr., the workiiw ibv 
bniuK 10 hr. 

7. If it ie required to design a shunt motor that shall develop a full-Wul 
efficiency of 88 per cent., and in which tlie maximum efficiency slmll ""ui 
at 80 per cent, of full load, what must be the variable and fixed law ■ 
expressed in per cent, of full-load rating? What will be the maxiHUim 
efficiency? 

8. If the machine of Problem 1 ia operated as a shunt, generator "iih n 
terminal voltage of 126 volts and 'an armature current of 165 amp., «li* 
will be its conventional efficiency, its efficiency of conversion and ils il>' 
trical efficiency, assuming that the constant loss is the same as in Ihr i n- 
of motor action, allowing for brush drop as in Problem 2? 

9. Assuming that the data of Problem 1 apply when the machine hee •'■ 
standing idle for a considerable period in a room whose temperaliiri 
25° C, what is the average rise of temperature of the field winding if, :'■■■ 
several houra run under load the field current is found to be 4.19 ntni' 
If there is no demagnetising effect due to armature current, what mil 
the speed, assuming that the magnetization curve is represented by 1'^ 
lich'e equation (Chapter VI) such that an exciting current of 2.S ai ' 
produces two-thirds as much Qux as an exciting current of 5 amp.? 

10. If the motor of Problem 1 is to be designed with four poles, thf !■> 
faces being approximately square, what should be the diameter and n^i' 
length of the armature core, assuming an average air-gap flux deiwii) "i 
about 50,000 tinea per eq. in., 500 ampcre-couductora per in. of pi!riph<T\. 
and a ratio of pole arc lo pole pitch of 0.7? 



P 




CHAPTER XI 



BOOSTERS AND BALANCERS. TRAIN 
LIGHTING SYSTEMS 

\f Boosters.— A booster is a dynamo-electric machine whose 
' 19 connected in aeries with a circuit, its generated 
wing added to or subtracted from that of the circuit, 
Sng upon the polarity of its excitation. Boosters may be 
a by any form of prime mover, but are generally direct- 
vt-ed to a motor taking current from constant poten- 
lains. 

t. The Series Booster. — An obvious use for a booster is to 
the voltage of a generator, or of a section of the bus-bara 
central station, by an amount sufficient to compensate 
ihinic drop in a feeder supplying a distant load, in case 
pad is of such character as to require the same voltage 
ceiving devices at or near the source of supply. Since 
ine drop is directly pro|X)rtional to the current, the volt- 
if the booster should also be proportional to the current; 
r words, the booster should have an external character- 
insting of a straight line through the origin. It is 
pie to exactly realize this form of characteristic with- 
liaiy devices, but it may be approximated sufficiently 
Hot practical purposes by designing the booster as a 
nind generator with flux densities well within the 
[ magnetic saturation. The hysteresis effect illustrated 
'104, p. 149, ia especially objectionable in boosters, and 
B reduced to a minimum. Further, if the excitation is 
h character that the main flux ia subject to wide variations, 
aagnetic circuit must be laminated throughout in order 
sddy currents set up by a change in the flux may not be of 
jeot magnitude to retard the change of flux and so make 
Bihine sluggish in its action. 
HKUDpeiwation, by means of a series booster, of the drop 
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of potential in a circuit due to its ohmic resistance is equivalent 
to a complete cancellation of the resistance of the circuit. Or- 
dinarily, if the resistance of a circuit is to Ik* reduced, the re- 
duction would be made by an increase of the cross-section 
and therefore of the weight and cost of the line. Up to a 
certain point, which may readily be computed for a given set 
of conditions, it will be cheaper to save energy by adding copper 
than to install a booster equipment; beyond that point the 
booster will be more economical. 

The apparent cancellation of the resistance of a circuit by 
means of a series booster is sometimes utilixed in electric rail- 
ways employing a ground return to mitigate the Wedrolyns 
of underground structures such as water and gas mains, tde- 
phone cables, and the like. The return circuit of the ordinar>' 
street railway system consists of the track and the surrounding 
earth, the current dividing between these paths in the inverse 
ratio of their resistances. Even with well-bonded tracks a 
considerable flow of current may take place through the earth 
along paths of low resistance afforded by underground metallic 
structures, resulting in damage wherever stray currents leave 
these paths to return through moist earth to the track or to the 
grounded bus at the power house. It is becoming standard 
practice to minimize the danger of electroh'sis in such sj'stem? 
by installing insula teil negative feeders or cables which connect 
points along the track directly to the negative bus of the generat- 
ing station, thereby draining the track current away from the 
stray paths. These negative feeders are clearly the mon* 
effect ivo the lower their resistance. If a series booster is now 
ronn(M'ied in such a feetler so that its e.m.f. acts in the direction 
from the track to the negative bus. the equivalent resistance 
of the fet»der mav l>e reduced nearlv to zero, and most of the cur- 
rent will return to the station bv wav of the feeder. Boosters 
used in this way are calleil negath^e or track^retum boosters. 

193. The Shimt Booster. — In constant-potential systems in 
which the load changes gradually, hut covers a range from a ver>' 
small to a considerable value, it is common practice to use a 
storage l>atter>' in parallel with the bus-bars. The batter}' 
may then be used to carry the entire load at times of light load, 
and in parallel with the generator at the time of peak load. At 
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Cither times the battery takes charging current from the generator, 
thus insuring a fairly uniform load on the generator during its 
wrorking period, with consequent economy in cost of fuel. In 
asystemof this kind SLSO^sMedahuntbooster is used to force charg- 
ing current into the battery against the latter's counter e.m.f., 
the connections being shown in Fig. 290. The field winding of 
%he booster is connected across the main bus-bars, never across 
its own armature, hence the machine is really separately excited. 
The booster armature is in series with the battery during the 
charging period, and is called upon to supply a relatively small 
em.f., hence the above connection of the field winding. The 
1)008ter voltage is manually controlled by means of the field 
rheostat, adjustment being made when the readings of the am- 
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FiQ. 290. — Connections of shunt booster. 






meters indicate that it is necessary. By inserting a reversing 
switch in the field circuit, or by using a reversing rheostat, the 
booster e.m.f. may be added to that of the battery, thereby assist- 
ing the battery to discharge if its voltage is low, or if the demand 
for current is unusually heavy. 

A lead storage battery when discharged to the permissible 
limit gives 1.8 volts per cell, and when fully charged requires 
an impressed voltage of 2.65 volts per cell to give it the "over- 
charge" that is periodically required to keep it in good condition. 
If, therefore, the voltage of the system is F, the total number of 
cells required is V/l.S to provide for the contingency that the 
battery alone, when nearly exhausted, may be used to carry the 
load. At the end of a prolonged charge the battery voltage will 
then have risen to 2.65 X (y/l.S), hence the booster must be 
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capable of generating ^'("r^ ~ ') ~ 0.47T'voIt5;thii8, inallO- 
volt system, the maximum booster voltage will be 52 volts. The 
design of the booster will then beeooipletely determined whea the 
maximum discharge rate of the battery is known. 

The capacity of the motor that drives the booster need be only 
from two-thirda to thrce-fourtha of the volt-ampere capacity of 
the booster for the reason that when the latter delivers its raa^ti- 
mum current the voltage is low, and when the voltage is highest, 
during the periods of overcharge, the current must be ronsid- 
erably reducetl. The normal, (eight-hour)dischargerateo( a Wl 
battery is defined as that current which, flowing uoifornily for 
eight hours, will reduce the battery voltage to the minimum 
value of 1.8 volts per cell; the current during overcharge should 
be not greater than one-half of the eight-hour rate. 

In Fig. 290 the cells shown at the right-hand end of the hattprj- 
are the end-cells which are cut in and out of circuit by mean? of 
an end-cell switch. Their purpose is to adjust the battery vol- 
tage to the line requirements to compensate for the changes in 
voltage due to varying conditions of charge and discharge. Thus, 
in a UO-volt system, the oumlwr of cells required will be 110 1-8 
= 61 when fully discharged; but when a fully charged battery 
be^ns to discharge its terminal voltage is 2.15 volts per cell 
therefore requiring r-r^ = 51 cells. Consequently in such k 

system 61 cells would be installed, 10 of them as end-eells. The 
number of end-cells may be reduced if the booster field is pro- 
vided with a reversing switch, for in that case the boostere.ni f- 
can be made to oppose that of the battery to a sufficient eitt*"' 
to bring the teriiiinal voltage to the proper value. 

194. The Constant-current or Hon-reversible Booster.— I" 
isolated plants supplying a lamp load and a Suctu a ting motor 
load, as in hotels and office buildings, it is necessary to maintain a 
constant lamp voltage, and it is permissible or even desirable io 
allow the voltage of the power circuit to fall when there is a heavy 
rush of current, as on starting an elevator. Fig. 291 represenls" 
typt.' of installation iwcasionalty usvA in'jmdi a ciisi-. 'lliodj'i'i' 
field winding of the lioaster, /, is comicct^Hl across the constant po- 
tential lighting bus and its magnetizing e.ffect is opposid by that of 
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J series winding, S, as indicated by the arrows. The excitation 
3 to /is normally the greater of the two, and the resultant diflfer- 
ial excitation produces a booster voltage that acts in the same 
ection as the generator, and which is from 10 to 15 volts under 
mal load conditions. At normal load the adjustments are 
ih that the battery neither charges nor discharges, in other 
rds, the sum of the voltages of generator and booster equals 
t open-circuit voltage of the battery. The entire lighting and 
ver load is then carried by the main generator. If the motor 
d is suddenly increased, there is an initial tendency to draw 
5 increased current from the generator, but this results in an 
reased excitation of the series winding of the booster and a 
[uction of its generated e.m.f . ; the original condition of balanced 
Itage at the battery terminals is therefore disturbed, and the 
btery discharges and relieves the generator of the current in 
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FiQ. 291. — Constant-curre^t or non-reversible booster. 

jess of the normal amount. Conversely, a decrease of the 
tor load results in a momentary weakening of the series 
itation of the booster and a charging current therefore flows 
D the battery. The current through the armature and series 
d of the booster is therefore not constant, as the term con- 
nt-current booster might imply, but it is substantially so, 
total variation of a few per cent, being no more than is 
Kcient to cause the battery to take up the fluctuations of 
rent above and below the average value. When a storage 
tery charges or discharges, its terminal voltage rises or falls, 
pectively, by an amount very nearly proportional to the 
rent; thus, if the current is equal to the eight-hour rate, the 
mge of voltage is 0.05 volts per cell, and at the one-hour rate^ 

If the capacity of a storage battery is Cg amp-hr. when discharged at the 
r. rate (see p. 408), its capacity is greatly decreased if it is discharged at 
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(equivalent to four times the current at the eight-hour rate), the 
variation is 0.2 to 0.21 volts per cell, provided the battery is initially 
fully charged. The function of the booster is then to produce a 
change of voltage at the battery terminals corresponding to the 
charge or discharge rate demanded by the load. For example, as- 
sume that the voltage of the motor circuit is 230, requiring, say, 115 
cells when charged to a normal voltage of 2 volts per cell. If 
the load calls for a supply of current equivalent to the eight-hour 
discharge rate of the battery, over and above the normal supply 
of laver ampcrcs, the booster voltage must be lowered by 
115 X 0.05 = 5.75 volts. This can be accomplished by so pro- 
portioning the series winding that an increase of the current 
through it from laver to law (1 + p) will produce the neces- 
sary change in field excitation, where pX 100 is the prescribed 
percentage variation of booster current. The Unear variation 
of booster voltage of course requires that the magnetic circuit 
be worked on the straight part of the magnetization cur\-e 
(see Fig. 100, p. 146). Change of battery voltage with varjung 
conditions of charge can be compensated by manual regulation 
of a rheostat in the shunt field of the booster; but in the type of 
service to which the non-reversible (and other automatic) boosters 
are adapted, the fluctuations of load causing alternate charge 
and discharge are so rapid that the general condition of the 

greater rates. Thus, if the current is such that the voltage per cell falls to 
1.8 volts in 1 hr., the current is said to be the 1-hr. rate, and the ca'pacity 
falls to }-2 Ch anip-hr. The reduced capacity is due to the fact that the high 
rates of discharge produce chemical changes of great velocity in a thin sur- 
face film of the active material, thereby preventing the electrolyte from 
penetrating to fresh material. The relation between discharge rate (n) and 
the corresponding capacity in amp-hr. (Cn) is given approximately by the 
formula 

(iS(»e data in Storage Battery Engineering, by I^imar Lyndon, 3d ed., p. 98, 
and Foster's Electrical Engineers' Pocketbook, 7th ed., 1913, p. 875.) 

If is is the current corresponding to the 8-hr. rate, and in the current cor- 
n'sponding to tlie n-lir. rate, it is clear that (\ = Hin and (\ = nu\ whence, 
substituting the above approximate rehition between Cn and C», it follows 
that 

t« = -,. (nearly) 
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battery changes very little. The non-reversible booster is 
suited to systems in which the average motor load is small 
and the fluctuations are considerable. 

196. Reversible Booster. — In systems in which it is not 
desirable that battery discharge shall be accompanied by a drop 
of voltage of the power circuit, as in a railway system having a 
large average load, the reversible booster shown diagrammatically 
in Fig. 292 is sometimes used. It differs from the non-reversible 
booster in that the current through its armature is not uni- 
directional, though in both types the shunt and series field wind- 
ings are differentially connected. The object of the booster is 
to hold the load on the generator at a constant value equal to 
the average load on the system, leaving the battery to take up 
the fluctuations. It is adapted to systems in which the average 
load is large compared with the range of the fluctuations. 
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Fio. 292. — Differential or reversible booster. 



Referring to Fig. 292, the battery is so designed that its open 
circuit voltage is equal to that of the system; consequently, 
when the load on the system has its normal (average) value, the 
battery must neither charge nor discharge, and the current 
through the shunt field of the booster must be adjusted so that its 
magnetizing effect exactly neutralizes that of the series winding 
S. With increased demand on the line there is a slight increase 
of current through S, and a resultant magnetization of the booster 
in such a direction that the generated e.m.f. acts in the same 
direction as the battery; discharge of the battery then takes place. 
The e.m.f. generated in the booster armature must therefore be 
equal to the drop of battery voltage that corresponds to the dis- 
charge rate demanded by the load, plus the ohmic drop in the ar- 
mature of the booster itself. On the other hand, if the load 
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falls below normal the shunt winding overpowers the series wind- 
ing, and the booster voltage is added to that of the generator, 
with the result that a charging current flows into the batter}'. 
The capacity of the booster is determined by the fact that 
maximum current and maximum e.m.f. occur simultaneously. 

Although the open-circuit voltage of the battery is nominally 
equal to that of the generator and of the system, its actual 
voltage may var>' over a considerable range, depending upon 
the state of the batterj' charge. To compensate these changes 
the excitation of the shunt field must be adjusted by hand regula- 
tion of a rheostat in series with the shunt winding. 

196. Auxiliary Control of Boosters. — Both the reversible and 
the non-reversible boosters described in Articles 194 and 195 have 
the disadvantage that .a given change of current in the series coil 
of the differential winding produces a definite volt age,'' without re 
gard to the fact that the change of batterj' voltage corresponding 
to each rate of charge or discharge varies with the condition of 
the battery; that is to say, a given change of current in the series 
winding of the booster will not always automatically result in 
the desired rate of charge or discharge. Moreover, the hea\7 
current that must be handleil by the series winding requires a 
coiuUu'tor of large cross-section and a machine frame cf excessive 
dimensions and weight per kilowatt of capacity. To ob\'iatc 
these ditiicultios there have Invn developed several automatic 
systems that regulate the batter>* by external means, and in 
which I lie Inx^ter has a simple shunt winding. These systems 
have praotioally suix*rseded the types of differential boosters 
des4.'rilKHl above. 

197. The Hubbard Counter E.MJ. System (Controlled by 
the (lould Storage Battery Co.) is shown diagrammatically in 
Fie 2*J3. The tioKl coil »' of the lx)oster ^ is in series with 
the armature of a small mot or-<.l riven exciter £", the field of the 
latter beiriix in turn oxoitei.i by the m:un generator current, or 
fraotional p>art thereof. The adjust nieuts are so made that when 
the load has its awraco value the exciter E produces an e.m.f. 
i\iu:il aiivl v>ppivii:o to :ha: of the hne. There is. therefore, 
no vurrv^nt through the Kxviter field winding, no e.m.f. is gen- 
eratt\i in the Invostor armature, and the battery, which has a 
uoriual voltage ei^ual to that of the line, neitb^" charges nor 
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discharges. An increase of load above the average value 
results in an increase of the current through the series coil 
of the exciter, the generated e.m.f. of the latter then exceeds 
the line voltage, and a flow of current is established through the 
booster field winding in the proper direction to generate in the 
booster armature an e.m.f. that assists the battery to discharge. 
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Fig. '2&S. — Hu!)bard counter o.m.f. system of booster rcKulation. 

Conversely, a decrease of load weakens the field of the exciter, 
the polarity of the booster reverses, and the battery then takes 
a charging current. 

198. The Entz System (Electric Storage Battery Co.) of ex- 
ternal control for installations of large capacity is illustrated 
in Fig. 294. • The main output of the station passes through a coil 
iS consisting of a few turns of heavy strap copper, and produces an 
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Fio. 294. — Automaiic booster regulaiion, Entz system. 

electromagnetic pull on a core attached to one end of a pivoted 
lever L. When the station output has its average value the pull 
of the electromagnet is balanced by a spring M in such a manner 
that the lever presses upon the i)ilcs of carbon plates, Ri and 7^2, 
with forces that make the resistances of the two piles equal to 
each other. The carbon piles are connected to each other at 
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the top and to one terminal of the field winding /' of a small 
motor-driven exciter E; at their lower ends the carbon piles are 
connected to the terminals of a small auxiliary storage batter}-, 
the middle point of which is connected to the other terminal of 
f. The armature of the exciter E supplies current to the field 
winding, /, of the booster B. So long as the resistances of R\ 
and R2 are equal to each other and all the cells of the auxilian' 
battery are equally charged, there will be no diflference of 
potential between the terminals of/'; consequently there will be 
no e.m.f. generated in either the exciter or the booster. Under 
these conditions the main battery, which has a normal voltage 
equal to that of the line, will neither charge nor discharge. If the 
load current increases there will be a tendency to increase the 
generator current through Sy and the pressure on Ri will be 
increased; this causes a reduction of the resistance of Ri and 
the auxiliary battery will send a current through /', thereby 
generating an e.m.f. in the exciter armature and energizing 
the field of the booster. The field windings of E and B are 
connected in such order that the booster voltage adds to that of 
the main battery and a discharge results. In case the load falls 
below its average value, the spring M overpowers the pull of »S 
and the resistance of R2 becomes less than that of Ri, producing 
a reversed flow of current through /' and, therefore, through / 
also, so that the l)ooster voltage acts in the same direction as 
the line voltage and forces charging current into the main batter>\ 

The combination of the resistances Ri and Ri, the auxiliary 
battery and the exciter field winding/' is entirely similar to the 
circuits of a Wheatstone bridge. The two equal halves of the 
battery correspond to the ratio arms of the bridge, and Ri and 
/?2 to the variable and unknown resistances; the field winding/' 
is the equivalent of the galvanometer. The polarity of /' is 
affected by the same causes that make the galvanometer in the 
bridge circuit deflect one way or the other as the resistances of the 
bridge arms are varied. 

In installations of small capacity the exciter and the auxiliary 
battery can be dispensed with; the use of the auxiliary battery is 
not absolutoh' necessary in any case, for the main battery, or a 
part of it, may he used directly. The purpose of the auxiliary 
battery is to avoid imposing unequal loads upon individual cells 
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t the nmin h.iltery. If the exciter is oraittetl, the connect ioiiR 

GhowTi leading tof are transferred to/, but this can be done only 
when the capacity of the booster and the magnitude of its field 
current arc small; the size of the earbon piles is limited by the 
fact that the practically constant current through .S can produce 
only a narrow range of pressure variation on the carbon plates, 
hence the unbalancing of the bridge circuit can produce only 
moderate current through circuit/' (or/). 

199. The Bijur System {General Storage Battery Co.) of 



295, also utilizes the 




external control, illustrated 

principle of the Whcatstone 

bridge, or potentiometer circuit. 

The equal ratio arms R, and H-, 

connected in series across the 

liue, are each provided with a 

series of taps connected to a set 

of contact points of graduated 

lengths, as at Pi and P., which 

dip in or out of the small troughs 

of niercurj-, Hg. as the lever L is 

tipped one way or the other by 

the control magnel S or by the 

restraining spring. The battery 

is designed to have a normal 

open-circuit voltage equal to 

that of the line, consequently it 

will neither charge nor discharge when the system is carrying its 

average load if the control apparatus is adjusted so that under these 

conditions the lever is horizontal; for the booster field / is then 

connected to points which have no difference of potential between 

them, with the result that the booster remains unexcit«d. An 

increase of load causes a slightly increased flow of current through 

S and the resulting counter-clockwise movement of the lever 

short-circuits more and more of the resistance fl| as the move- 

lUt proceeds; this disturbs the balanced condition of the circuit 

;augh / and a current will flow through it in such a direction 

p the generated e.m.f. of the booster causes the battery to 

uhargc. A decrease of load will make the pull of the spring 

rpower that of the coil S, the lever turns in the clockwise 
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direction, short-circuiting more or less of /?i, and the current 
tlimuph/ reverstn*. causing a reversal of the booster e.m.f. and a 
tiow of charging cuitimu info the hatterv. 

The Bijur system differs from other s^'stems of external contrd 
in that the latter involve a variation of generator current pro- 
portional to the battery charge or discharge, whereas the former 
causes a response from the battery to the desired extent with a 
fixctl variation of generator current. This follows from the fact 
that the magnet S and the restraining spring are so proportioned 
that with a given current through S the pulls due to them 
balance each other at all points within the range of motion of the 
lever. The result of this condition of neutral equilibrium is 
that a change of current that unbalances the forces by an 
amount just sufficient to overcome the friction of the mo^'ing 
parts will produce a continuous movement of the lever. The 
excitation of the booster will then go on increasing in the proper 
direction to relieve the generator of all but the initial variation. 

aOO. Balancers.— Hg. 296 (a, 6 and c) represents three j 
possible methods of connecting a balancer set for the purpose of 
maintaining equaUty, or approximate equaUty, between the volt- 
ages on the two sides of a three-wire sj-stem (see Art. 123, Chap- 
Vr. If, with the connections shown in Fig. 2960, the load be- 
comes unb:\lanced, the voltage on the more hea\'ily loaded sid^ 
will fall while that on the more lightly loaded side will t\^- 
Under these conditions the unit on the heavily loaded side will ac^ 
as a generator, thereby checking the extent of the voltage drop* 
while the other unit will act as a motor and so limit the rise o' 
voltage on that side: but the drop in speed of the balancer, due t^ 
the load on the motor element, will prevent the generator element 
from a.'^suming a sutiicient part of the unbalanced load to maifi-^ 
tain the potential of the neutral as nearly constant as would hO 
the ease were the sf^eed to remain constant. A partial compensa^ 
tioii of this shift of the neutral mav be effected bv the s\'stem 
of field connections shown in fig. 29t)6; in this case the drop 
in voltage on the heavily loaded side will weaken the field of the 
motor, thus tending to increase its speed, while at the same time 
the rise in voltage on the lightly loaded side will strengthen 
the field of the generator element, thereby tending to still further 
balance the voltage on the two sides of the system; but the 
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balance cannot bo perfect for the reason that the automatic re- 
sponse of the balancer depends for its inception upon an actual 
unbalancing of the voltage. Perfect regulation is however pas- 
sible if the units comprising the balancer are compound-wound 
as in Fig. 296c, where the series windings are connected in 
such a manner that the current in the neutral excites the gen- 
erator cumulatively, while in the motor it acts differentially. 
The voltage on the heavily loaded side is therefore kept up by 
the combined effect of increased excitation and increased speed; 
but whereas in the system of Fig. 2966, this automatic action 
was dependent upon an unbalanced voltage, in the system of 
Fig. 296c it depends upon the unbalanced currenty and it is 
therefore possible to adjust the compounding to maintain 
perfect equality of voltage on both sides of the neutral. 



m ' ' 






ah c 

Fio. 296. — Connections of balancer set, three- wire system. 

201. Train Lighting.^ — The condition to be satisfied by 
^i^ny system of train lighting is that the lamp voltage shall be 
Oiaintained at a constant value independently of the number 
^ lamps in use and independently of the speed and direction 
of motion of the train. In the case of steam railroads three 
Methods of electric lighting are in use: 

1. The straight storage system, in which each car is equipped 
"Vdth its own storage battery. 

2. The head-end system, in which a single constant-voltage 
generator placed in the baggage car or on the locomotive supplies 
current to the entire train. 

3. The oxZc-IigWtn^ system, in which a small generator, mounted 
under each car, is driven directly from the axle. 

* See Trans A.I.E.E., Vol. XXI, 1903, pp. 129-227. 

27 
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The straight storage system was used in the earliest instal- 
lations of electric lighting on steam railroads. It has the dis- 
advantage that the gradual exhaustion of the batter^' results in 
inferior illumination toward the end of long runs. The batteries 
must be charged at terminal or division pcHnts; or else be re- 
placed by fully charged batteries. 

In the head-end system a single compound-wound generator 
is driven by a turbine taking steam from the locomotive; in some 
cases the turbo-generator unit is installed in the baggage car, in 
others it is mounted on the locomotive. The complete equip- 
ment must include storage batteries, generally one for each car, 
in order that the lights may be operated when the train is parted, 
as during switching, and at low train speed. The standard Qesd) 
battery equipment for Pullman sleepers consists of 16 cells, cor- 
responding to a nominal lamp voltage of 30 volts. The variation 
of battery voltage between the extremes of full discharge and 
full charge requires the use of an automatic regulator in order 
to maintain constant voltage at the lamps. 

In the axle-lighting s>'stem the maintenance of constant 
voltage is complicated by the fact that the speed of a generator 
p)ositively driven from the car axle will not only vary through wide 
limits, but the machine must be capable of operating in either 
direction. Generators of the ordinarj' types do not possess 
inherent operating characteristics suitable for such ser\4ce, and 
to make a machine of ordinarj- type conform to the require- 
ments, more or less elaborate repulating devices must be used. 
Naturally, axle-driven generators must be used in connection 
with storage batteries in order that the lights may not go out 
when the train is stationary' or when the speed is so low that 
the generator voltage is less than the normal lamp voltage. 

The design of generators for automobile lighting is similar 
to that of axle-driven machines for train lighting except that 
there is no need to provide for reversal of the direction of rota- 
tion. This follows from the fact that in the former case the 
generator is driven from the engine, which always runs in the 
same direction. 

202. Voltage Regulation in Train Lighting Systems.— To 
prevent obj(»ctionable variation of the candle-power of the 
lamps, automatic regulation must be provided to compensate 
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the variation of battery voltage between the extremes of 
charge and full discharge, and, in the case of axle-driven 
lerators, to overcome voltage variations due to change of 
The various methods of regulation may be classified 
■ither mechanical or electrical (or electromagnetic). In some 
Items the maintenance of constant voltage also involves 
ulation for constant current output from the generator, 
ice the latter, when in use, delivers constant power; such 
lation is not entirely satisfactory, for it takes uo account 
fact that the charging current of a lead battery should 
taper," that is, become gradually less, as the battery ap- 
proaches the fully charged condition. It is possible to arrange 
the regulatory devices in such a manner that the voltage and cur- 
rent outputof thegeneratorare controlled by the battery voltage, 
or else to make the generator control the line voltage and there- 
fore also that of the battery. 

Under the heading of mechanical methods of regulation may 
be included those axle-lighting systems in which the generator 
voltage is controlled by the sUpping of the driving belt, as in 
the Stone generator, or by a sUpping clutch. In these systems 
the speed of the generator is maintained constant when the load 
increases above a definite predetermined load which causes slip- 
ping to occur. In the Stone system the generator is provided 
with an automatic device, consisting of a rocker arm on the shaft, 
for reversing the polarity of the generator terminals when the 
<iirection of rotation is reversed; there is also an automatic, 
centrifugally operated switch arranged to establish the connec- 
tion between the generator and the battery when the speed and 
generator voltage have reached predetermined pick-up values, 
id to break the connection when the speed is below the as- 

led hmit. 
Under electrical or eledroma^netic methods of regulation may 
fee grouped all systems in which voltage control is obtained (a) 
\yf the automatic variation of resistance in the lamp circuit or 
in the exciting circuit of the generator; or (b) by the utilization 
of the armature reaction of the generator to secure the desired 
I'lijiracteri sties. Examples of these methods are given in the 
following articles. 

Resistance Regulation. — Fig. 2',)7 illustrates diagram- 
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maticttlly a type of automatic regulator which operates by viif)-tiig 
the resistance of a pile of carbon disks connected in the main Uiiip 
circuit. If the battery voltage T'^ rises above nonual, aa during 
charging, the lamp voltage r^ tends to increase also. This 
causes an increased flow of current through the solenoid Si, and 
the movement of its plunger increases the pressure on the carlwn 
pile r, thereby reducing its rcfastance and permitting an increiised 
flow of current through solenoid Si. The motion of the pluagoruf 
St then releases the pressure on the carbon pile R, increasing ils 
resistance to a sufficient extent to absorb the greater partoftbe 
increase of Vg as an ohmic drop in R. Since the response of tte 
solenoids Si and Sj is dependent upon a variation of Vl. t** 
lamp voltage cannot beheld absolutely constant, but thevarintloD 
will be small; the use of the solenoid Si and pile r increases ih* 
sensitiveness of the response of Si to a change in T^. The lamp 
regulator is used in conjunction with a generator regulftW 
described in Art. 204. 

204. Generator Field Regulation.— Fig. 298 illustrates 
method of reguhvting the generator voltage by the variation of * 




resistance R in its field circuit. The carbon pile R is acted upotf 
by the two solenoids V and B, the former responding to changes of 
the generator voltage due to change of speed, and the Iatt«r to 
variations of the battery current. For example, assuming that 
the contact K is closed and that the generator is charging the 
battery, any increase of speed will tend to increase both the 
generator voltage and the charging current. As the charging 
current increases, the upward pull of solenoid B relieves the 
pressure normally exerted upon H by the weight of the plunger of 
B, thus increasing the field resistance of the generator and lower- 
ing its voltage. To prevent excessive overcharge of the battery 
due to high generator speed, the plunger of solenoid K is at- 
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raii(;pd so that the increased line voltage causes it to relieve the 
liressvire on the right-hand sidii of U, thereby iacrea^ng the field 
rrsistance and luwering the generator voltage. 
The uutomatic switch K is closed, and the connection between 
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generator and battery is established when the speed of the gen- 
erator is sufficiently high to generate a voltage capable of actuat- 
ing the solenoid S; the generator current, 6owlng through the 
series winding of switch K, reinforces the pull of the shunt wind- 
ing 5. When the speed falls below this pick-up speed , the battery 

^m!ws Ibrough the aeries winding of A', with the result that the net 
force acting upun the plunger is not sufficient to hold the con- 
tacts ctusud against the gravitational pull. The entire loud is 
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then carried by the batt«ry alone. The po1e-chaog,->r is repre- 
sented dif^rammatically at PC. 

Another method, somewhat similar to that of Fig. 298, but 
involving a vibrating contact analogous to that of the Tinill 
regulator, is illustrated in Fig. 299. The automatic switch K 
operates in the same manner as in Fig. 298, but the solenoids fi 
and V act on the same magnetic circuit and open and close the 
contact C. Thus, if the battery charging current exceeds the 
safe limit, coil B closes contact C and momentarily short-drcuitB 
the field winding of the generator, thus reducing the genentoi 
voltage. Coil V operates similarly if the generator volttige rises 
too high because of high rotative speed. 

206. Field and Line Regulatioti. — Fig. 300 is a diagram of 
connections of a system of train lighting which, like the Bystem 




described separately in Articles 203 and 204, includes independent 
regulation of generator voltage and of lamp voltage. 

The resistance of the carbon pile C, in scries with the shunt 
field winding of the generator, is controlled by the pressure ex- 
erted upon it by levers operated by the plungers of coils S and A . 
Coil R carries the entire generator current and is adjusted to hold 
the current at its full rated value. Coil A, shunted across the 
line, is set to hold the generator voltage at 39 volts on equipments 
having IG-cell lead batteries (2.45 volts per cell); and at 78 volts 
on "60-voit" equipments having 32 cells of lead batteries. If 
Edison batteries are used, these voltages are set at 43 volts and 
86 volts, respectively, by opening the short-circuit XY on part of 
the resistance in series with the voltage coil A. The object of 
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limiting the generator voltage to 2.45 volts per cell of lead bat- 
tery is to prevent excessive overcharging of the battery; when the 
battery is fully charged, the charging current will then automat- 
ically taper down to a safe value. The hmitation of generator 
current imposed by coil S prevents overloading of the generator 
due to lamp load or to charging an exhausted battery. 

The lamp voltage is controlled by the pair of carbon piles, B, in 
series with the lamps, the two piles being connected in parallel 
with each other. The pressure upon these piles is due to a system 
of levers and a toggle joint actuated by a coil connected across 
the lamp mains. The pull of this electromagnet is opposed by a 
spring, the design being such that the armature of the electro- 
magnet will remain in any position within the limits of its travel 
when the lamp voltage is normal. 

In this system the armatures of the magnets controlling the 
generator and the lamp circuit are provided with air dash-pots 
having graphite plungers. The effect of variation of temperature 
upon the voltage coils of the generator and lamp regulators is 
compensated by means of resistors, having zero temperature 
coefficients, placed in series with these coils. 

The automatic switch K for establishing the connection between 
generator and battery at train speeds above the pick-up speed is 
similar to others already described. The shunt coil lifts the 
pivoted armature when the generator voltage equals the battery 
voltage, thus bringing into action the series coil, which assists the 
shunt coil in holding the switch tightly closed, and which accel- 
erates the opening of the switch when the generator voltage falls 
below battery voltage. 

The four brush arms of the generator are mounted on a rocker 
ring carried on ball bearings, the ring being free to rotate through 
90 degrees between a pair of stops. When the machine is run- 
ning in one direction, the friction of the brushes against the com- 
mutator holds the rocker ring against one of the stops and the 
brushes are then in the pntper position for sparkless commutation. 
Reversal of the direction of rotation causes the rocker ring to lie 
turned through 90 degrees against the other atop, thus preserving 
the original polarity of the generator. 

Fig. 301 shows in diagrammatic form unnther system which Jn- 
I'hliles !t hinij* regulator and a generator field regulator, F. The 
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automatic switch K is closed in response to the pull of the voltage 
coil when the generator speed and voltage have attained their 
proper values, thereby connecting the battery to the generator. 
The charging current, flowing through the series coil of the 
regulator F, tends to be maintained at constant value by the 
action of the carbon pile rheostat in circuit with the generator 
field. At the same time the ampere-hoiu* meter, AHM^ is 
running in the direction of charge, and when the battery is 
charged and the contact needle N has reached its point of con- 
tact, the resistance R is short-circuited; thereupon the switch 
S is energized, contact C is closed, and current flows through 
the shunt coil of the regulator F. The pull of the shunt coil 




V\i'.. .SOI. I'. S. LiKhtiiiR and Heating Company system of train lighting. 



adds to that of the series coil, so that there results a sudden 
reduction of generator voltage and the battery is thereby 
''floated'* on the line; that is, the generator supplies current 
directly to the load and the battery neither charges nor dis- 
charges. 

206. Regulation by Means of Armature Reaction. — Regu- 
lation of generator voltage by making use of armature reaction 
under load conditions is exemplified in the Rosenberg train light- 
ing generator (Art. 207) and in th(^ third-brush typo of generator 
used for automobile lighting (Art. 210). This type of regulation, 
since it is dependent upon th(» inherent characteristics of the 
generator, may be classed as electromagnetic. 
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207. The Rosenberg Train Lighting Generator. — The nosen- 
berg generator, first described' in UH)5, embodies a nutiiber of 
interesting structural features and has operating characterietit's 
that make it suitable for train-lighting service. Its distinctive 
properties are (1) that it develops an e.m.f. tlie direction of 
which is independent of the direction of rotation, and {2} that 
it produces a current which, beyond a certain speed, remains 
practically constant no matter how much the speed is increased. 
The diagram of connections of a bipolar machine is shown in 
Fig, 302, but it will be understood that with suitable modifica- 
tions the principle is applicable to multiijolar machines. The 
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baiu^ry V, which must bo used in cunnection with the gen- 
initor if the latter is to function properly, supplies current to 
III' lamps when the train is at rest and also to the shunt field 
rilling //, producing the polarity indicated by vn, ss. The 
I Mn of commutation of the brushes BB is in line with the axis of 
i>ic poIc». instead of being at right angles thereto as in the ordi- 
(i.iry type of machine. 

'he brushes Hli arc connerled to (be battery terminals through 
;trol«ohtiischc Zi^itaclirift, ISOri, p. 303. 
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an aluminum cell C which offers a very high resistance to the flow 
of current from the battery to the armature and only a very small 
resistance in the direction from the armature to the battery; 
this property of the aluminum cell prevents the discharge of the 
battery through the armature when the train is at rest or when 
running at a speed below that at which the generator picks up 
its load. In addition to the main brushes there is a pair of short- 
circuited auxiliary brushes, bb, placed at right angles to the 
polar axis, that is, in the same position as the main brushes of an 
ordinary generator. 

Rotation of the armature through the magnetic field set up 
by // will produce a flow of current through the short-circuited 
armature along axis bb, thereby creating a powerful cross-field, 
Mhi the lines of force of this field finding a path of low reluctance 
through the pole shoes. As is clear from the figure, clockwise 
rotation will result in a cross-field directed from left to right; 
the motion of the armature conductors through this cross-field 
then generates an e.m.f. and current along the BB axis in such 
a direction that the armature m.m.f., represented by the arrow 
3f g, opposes the excitation due to the field winding ff. In case 
the direction of rotation is reversed (that is, becomes counter- 
clockwise) the direction of the cross-field M^ also reverses, and 
the effect of this double reversal is to preserve the original polarity 
of the brushes BB. The fact that the armature m.m.f., M^, 
opposes the excitation due to the field winding means that the 
field flux parallel to the BB axis is small, and this in turn prevents 
excessive current through the short-circuit bb. The machine 
differs widely from the ordinary generator in that what is usually 
the main field is of secondary importance with respect to the 
cross-field. The weak field in the BB axis obviates commutation 
difficulties that would otherwise arise due to the short-circuiting 
of winding elements under the middle of a pole face; such diffi- 
culty as might still exist is further overcome by notching the 
pole faces op{>()site the main brushes. It is clear "that there is *i 
definite limit beyond which the main current delivered by the 
brushes BB cannot* increase, this limit being reached when the 
annature m.m.f., 3/^, neutralizes the field excitation due to//: 
for in that case there would be no e.m.f. and current in the bb 
axis, hence no e.m.f. in the main brush axis. It follows, there- 
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fore, that beyond a certain speed the machine will deliver a 
practically constant current. Any desired limit to the current 
may be set by adjusting the rheostat in the field circuit //. The 
generator may be driven cither by a belt from the car axle or 
by mounting the armature directly on the axle itself. 

On the basis of the foregoing qualitative study of the physical 
phenomena occurring in the machine, Messrs. Kuhlman and 
Hahnemann' have developed the quantitative relations between 
the speed and current output of the machine operating as a gen- 
erator. Thus let 

n = speed of the armature in r.p.m. 
if = constant exciting current in field winding J^f 
ia = main current output 
it = short-circuit current in axis bh 
n/if = ampere-turns due to // 

nJa = effective ampere-turns of armature in axis BB 
Tiiifc = effective ampere-turns of armature in axis bb 
V = terminal voltage of line, assumed constant 
El, = e.m.f. generated in short-circuit bb 
*B = field flux in axis BB 
*i = field flux in axis bb 
_r, = armature resistance (including brushes) 

tf saturation of the magnetic circuit is neglected, so that the 
flux may be considered to be proportional to the m.ra.f, that pro- 
duces it, the following relations will hold 

(1) 
(2) 
(3) 
(4) 
(5) 

Substituting (2) and (3) in (4), there results 
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*b = CiCiCa— {Ufif - n,u)n 
ilKil«chiiiaclie Zeil.schrift, Vol. XXVI, 1905, p. 525. 
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and substituting this value of *5 in (5) 



and 



where 



V = Ci^C2C3 - - (n/if — naia)n* — iaTa 'J) 

n/if V 1 

^«~ " _i_ ^ •, •.2 ~ ::: — i — W 



, W6 

C4 = Ci*C2C3 



From equation (8) the following conclusions may be drawn: 

V 

(a) If n = 0, ia = - — > 

'a 

which means, simply, that were it not for the aluminum cell C the 
armature, at standstill, would be a dead short-circuit on the line 
(or battery), the negative sign of ia indicating a flow of current 
into the armature from the line. 

• 

(6) If n = 00 , i^ =z -^^ or nJu = n/i/ 

which means that at infinite speed the armature m.m.f. (A/^) 
would exactly neutralize the field excitation. This condition 
therefore determines the limiting current output of the machine 
running as a generator, or 

a ) = -^'^ 

K^ajmax 

I la 

This result also shows how the rheostat in the field circuit controls 
(ia)maz by fixing the value of i/. 

(c) If the machine is to act as a generator, ia must be positive, 
hence 

\' a J max zz. 9 

or 

\*a)max 'a ^ 'a *- 

V ~ CAfia n- 
But the term ° T^""- " is the ratio of the maximum ohmic drop in 
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the armature to the line voltage, and since this ratio must be 

Ta 1 

small from considerations of efficiency, it follows that — — • -^ is 

Still smaller in comparison with unity and that with increasing 
speed it rapidly approaches zero. Therefore the denominator of 
(8) may be considered equal to unity and the expression for to 
becomes, with only slight error, 

V 1 

Equations (8) and (9) show that the current is zero when 



n = no = \/ 7TT — = \l (10) 

and that it rapidly approaches (ta)mox as a limit as the speed 
increases. 

For example, suppose that the generator is to supply a maxi- 
mum current of 50 amperes at a terminal voltage of 50 volts and 
that it is to pick up its load at a speed of 300 r.p.m. From (10)} 



300= J— S^rt 

yiCAtla X 50 



1 

CAfla = 



90,000 
and from (9) 

4.5 X 10« 



ia= 50 - 



n2 



This is the equation of the curve shown in Fig. 303. The manner 
of variation of 4, the current in the short-circuited path 66, 
is determined by combining equations (2), (3) and (9), resulting in 
the expression 

V 1 
4 = -^^-- (11) 

CiCsUb n 

which represents an equilateral hyperbola. It is seen that it is 
a function of Cz and this is dependent upon the reluctance in the 
path of the cross-field ^. The curve showing 4 in Fig. 303 is 

based on the assumption that 4 = 60 amperes when n = 300, or 

18 000 

4 sss — ? — . The dashed portions of the curves of Fig. 303 
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computed from equations (9) and (11), correspond to negativ 
valuea of t, (indicating motor action), and while not entird; 
accurate because of the neglect of terms involving r^ in the prei 
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Fio. 303.— Rclai 



d speed, Rosenberg generator 



ence of small values of n, they depart only elightly from the cc 
rect curves within the ranRe shown in the diagram. 

An examination of Fig. 302 will show that in two of the qua 
rants of the armature winding the currents lo and it, flow in tl 
same direction in the conductors, and in the other two quadron 
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they flow in opposite directions, 
case is 

i, + 4 = (0«- - 



The total current in the former 
V 1 , y 1 



and reaches a maximum value when 

dju + h) ^ 2V_l _ _V_ J, ^ Q 

or when n = — ^-^- Substituting the values used above, the 
speed corresponding to this maximum current in the conductors ia 
500 r.p.m., and the currents themselves are t. = 32 and 4 = 36. 
208. Operatkm of Rosenberg Machine as a Motor. — The 
Rosenberg machine when supplied with current from an external 




CM 

iberg machine op«rBiing 

source will operate as a motor, but it has no torque at standstill. 

The reason for this absence of starting torque is clear from Fig. 

307, for the armature current and the field flux due to // have 

tfaeir axes in the same direction and cannot, therefore, react upon 
each other; and there can be no croas-field to react upon the 
armature current until rotation through ^g produces current and 
flux in the 6b axis. But if the armature is given a start in either 
direction it will continue to run in that direction. Thus, let 
Fig. 304 represent the same machine shown in Fig- 302 but taking 
current from, instead of supplying it to, the line, and let the start- 
ing impulee he in the clockwise direction. The figure is drawn in 
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two parts in order to show with greater clearness the effect of the 
two pairs of brushes; the arrows on the armature conductors of 
part (a) show the direction of flow of ia, and those in (6) 8er\'c 
similarly for 4. The direction of it is determined by applying 
Fleming's right-hand rule for generator action; bad the initial 
rotation been counter-clockwise, the direction of 4i and there- 
fore also of ^, would have been opposite to that shown. In 
either case the reaction between ^ and ia produces a torque in 
the same direction as the initial rotation and, therefore, serves to 
accelerate the armature; and the torque due to the reaction 
between ^^ and 4 always opposes the rotation. The resultant 
torque is the difference between these two opposing torques. 

Analytically, the characteristics of this motor when supplied 
from constant potential mains are involved in the equatioas 
derived in the preceding article for the case of the generator. 
All that is necessary is to interpret negative values of ia in those 
equations as current input to the motor, but some care should 
be used in applying equations (9) and (11), especially at low 
speeds, because the terra involving To in equation (8) is not 
then negligible as has been assumed. Thus, if fa = 0.10 ohm, 
corresponding to a maximum armature drop of 10 per cent, when 
the constants are those used in the foregoing discussion, the 
standstill current computed from (9) is ia = — ® , whereas the true 
value from (8) is ia = —500. The range of speed through which 

motor action occurs is from ?i = to n = %/ ^(Oto SOOr.p.in., 

Fig. 303). Without going into further particulars it will be clear 
that the speed characteristic is similar to that of a cumulative 
compound motor. 

209. A modification of the Rosenberg type of generator, to- 
gether with a special method of voltage control, developed by 
the Electric Storage Battery Co., is illustrated in Fig. 305. In- 
stead of connecting the shunt field winding across the machine 
terminals, as in Fig. 302, it is connected between opposite points 
of a Wheatstone bridge circuit (marked ''control bridge" in Fig. 
305). There is also a compensating winding, marked ''series 
field,'' for the purpose of neutralizing the armature reaction 
due to the main generator current. Two of the bridge arms, 
marked W, consist of ordinary resistors, while the other two, 
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i JR, have negative temperature coefficionts. The junc- 
i points of the bridge not connected to the control 6el(I are 
iie<^t«(l directly across the Hne. A variation of generator 
jjltage will then alter the difference of potential between the 
Btroi field terminals, and the field current will change to a suf- 
ficient extent to readjust the generator voltage. If it ia desired 
to give the battery an overcharge, the overcharge switch, which 
normally short-circuits the resistance R', is opened, the 
lamp circuit having been previously disconnected. This has the 
effect of reducing the voltage impresseil on the bridge, in the same 
manner as though the generatoi- voltage had itself deereasied, 




Sloragc Bullcry 



hence the reatljiislment of bridge currents increases the main 
field excitation and raises the terminal voltage. The extent of 
the rise of voltage and, therefore, the magnitude of the charging 
current, is determined by the value of the resistance R'. It will 
be observed that the closing of the lamp circuit through the triple- 
pole switch short-circuits R', thereby reducing the generator 
voltage to the normal lamp voltage and preventing damage to 
the lamps because of high voltage during charging. It follows. 
therefore, that overcharging of the batteries must be accomplished 
during daylight runs. 

The automatic switch, in addition to the usual shunt and series 
coda, has a ttiird coil connected between the generator and the 
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battery. The pull due to the main shunt coil is insufficient to 
close the switch, or to keep it closed without the pull due either 
to the auxiliary coil or the series coil. The auxiliary coU, ther^ 
fore, determines the closing of the switch by the difference be-' 
tween the voltages of generator and battery; and the switch will 
open when the current in the series coil drops to zero. 

210. The Third-brush Generator.^ — The principle of the 
utilization of armature reaction embodied in the Rosenberg I 
generator is also used, though in a qiiite different manner, in the , 

third-brush generator widely used for automobile lighting. The | 

« 




Fkj. 300. — DiaRram of connections of third-brush generator. 

connections of the machine, Fig. 306, are identical with those 
disclosed in an English patent (No. 9364) issued to W. B. Sayers 
in 1896. In this machine there is an auxiliary brush 6 placed 
midway between the main brushes, and the shunt field winding 
is connected between this auxiliary brush and one of the main 
brushes. The Sayers generator, intended for constant-speed 
operation, was driven in such a direction that the portion of the 
armature winding included between the terminals of the shunt 
field winding occupied the trailing half of the pole faces; in con- 
sequence of armature reaction under load conditions, the total 
flux under the trailing half of the pole face increased, and the 

^ Langsdorf , Washington University Studies, Vol. II, Pt I, No. 1, July, 
1914. 
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e.m.f. generated in that part of the armature winding included 
between the terminals of the shunt field winding increased corre- 
spondingly, thereby giving rise to a compounding action. But 
in the third-brush machine the direction of rotation is such that 
. the shunt winding is connected across that part of the armature 
- winding lying under the leading half of the pole face, as shown 
in Kg. 306, and moreover the machine is intended for variable- 
instead of constant-speed operation, as it is driven directly from 
the engine of the automobile. The third-brush machine present-s 
a number of features of considerable technical interest; accord- 
ingly, there is given below a discussion of the theory of its oper- 
ation and a derivation of its characteristics. 

Referring to Fig. 306, it will be clear that the connections will 
tend to make the machine regulate for con- 
stant current without regard to change of 
speed, provided the battery voltage remains 
substantially constant, as is the case when 
lead batteries are used. For if the machine 
is delivering current at some given value of 
8peed| an increase of speed will tend to in- 
crease both the generated e.m.f. and the cur- 
rent; but the increased current will weaken '^ aoT^-Demag- 
the field and, therefore, reduce the generated netiiing eflfect due to 
ejn.f. by shifting the flux, because of in- '^^^'^'^^'^^^^ c°"- 
creased cross-magnefizing action of the armature, away from 
the leading pole tip, thereby reducing the e.m.f. generated in 
the armature between brushes Bi and 6 and consequently 
weakening the shunt excitation. It is evident that this demag- 
netising effect will ultimately prevent a further increase of cur- 
rent, and it is actually found that beyond a certain speed the 
effect of rising speed is to cause the current to fall off from a 
maximiun value. There is an additional and most important 
effect that arises from the fact that the auxiliary brush b short- 
circuits an element of the armature winding that lies opposite 
the middle of the pole face and in which there is generated an 
active e.m.f.; this e.m.f. produces a considerable current in 
the short-circuited clement, and the direction of this current is 
such that it sets up an additional demagnetizing action in the air- 
gap under the leading half of the pole face (see Fig. 307). 

An examination of the diagram of coimeeWotA \^n^\l vcl^y^. 
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SOtiwillshowthat the operation of this machine is not mdepcudcnt I 
of the direction of rotation, for a reversal of the direction ol I 
rotation will cause the shunt winding to subtend the trailing haU I 
of the poles and radically alter the operating chartict^riatiffl. 
This feature is not objectionable in the case of automobile light- 
ing for rpaaons stated above; but if the machine were to be used 
for train lighting it would be necessary to add to the equipment 
an automatic switch so arrangwi that a reversal of rotation would 
change one of the shunt terminals from brush Bi to brush Bt- 
AMALYTICAL THEORY 
The following symbols recur frequently throughout t 
sis and are tabulated below for convenient reference: 

I' = constant line voltage 
E, = total e.m.f. generatini in the armiiture 

i = line current 

i, = shunt field current 

n = speed in r.p.m. 

r, = resistance of shunt field winding 

To = armature resistance measured between main brushes and 
including brush contact resistance 

n, = shunt field turns per pair of poles 

Z = number of armature conductors 

$ = flux per pole 

d = diameter of armature 
I = length of core 

r = pole-pitch 

i = air-gap 

ip = ratio of pole arc to pole-pitch 

p = number of poles 

a = number of parallel paths through armature 
Bf = flux density in air-gap. 

It will be clear from the diagram of connections, Fig. 306, that 
the line current / shown entering brush Bi can be thought of as 
dividing equally Iwtween the two paths leading to brush Bi, and 
that the shunt field current entering brush b may be considered 
to divide into two parts, 'ii, and ?4i„ reBpcctivcly, theso two 
currents being inversely proportional to the resistances of the 
paths through which they flow. It follows, then, that the 
currents ii, H and U, mdicatei \ii I'v^. ?ft6. «:«, reapectivel 
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= yii + VaU 



— / 



Vii - Hi. 



(12) 
(13) 
(14) 



The main current i flowing through the armature winding 
produces a cross-magnetizing magnetomotive force distributed 
Knearly over the armature periphery in the manner shown by 
the sloping line aha' of Fig. 308. Under the pole faces this 
m.m.f. will produce a transverse field whose intensity at any 
point may be taken to be proportional to the m.m.f. at that 
point; but between the poles, because of the high reluctance of 
the magnetic circuit in that region, the flux will be much less 
than proportional to the m.m.f., and will have a distribution 
represented by the saddle-shaped curve. The resulting demag- 
netizing effect in the leading half of the pole face, between 
brushes h and Bi, will then be represented to a sufficient degree 
of approximation by the cross-hatched area A, Fig. 308. Con- 




P - A 

Fio. 308. — Distribution of m.m.f. due to current i. 

sidering the closed magnetic circuit indicated by the dashed 
line P, which is drawn so as to include all of the armature con- 
ductors under a pole face, the m.m.f. acting upon this circuit 

will b« T^'\^2 ' I' ^^^ ^^ which, or T^-^-g-, will be consumed in 

the air-gap at each pole tip (assuming that the reluctance of the 
iron part of the circuit is negligible in comparison with that of 
the air-gap). If the length of the air-gap, corrected to take 
account of the effect of the slots, is 5 cm., the field inten- 

47r Zi 
sity at the pole tip will be given ^^Y i7j ^ q s» ^^^ ^^ demagnet- 
izing flux represented by the hatched area A is 



1 Air ,Zi inl ^ir >|/HIZ 

2 " 10 a^5 



^^ =210^85 



vss^ 
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The current ^^i, flowing in the j conductors between brushes 

h and Bi results in a peripheral distribution of m.m.f. shown by 
the trapezoidal-shaped figure of Fig. 309. This fact will be made 
clear when it is remembered that each conductor in this particu- 
lar belt of the armature winding has a return conductor in the 
opposite quadrant, as indicated in Fig. 310, this being a conse- 
quence of the fact that the winding has two layers. Under the 
leading half of the pole face between brushes b and Bu the effect 



r 

I 



-tf 



T 




Fio. 309. — Distribution of m.m.f. due to current i.. 

of this current is, on the whole, a magnetizing one. The m.m.f. 
due to this belt of current at a point opposite brush b is 

2 10 4 i ^" ^^^ *^^ corresponding field intensity at that point 

is jTT ^^. The magnetizing flux represented by the hatched 

area in Fig. 309 is then given by 

lr47r SZi, r 47r3Zf. ... ix%^li 
^- - 2L10 * 325 • 4 " id 325" ^^^ " ^^^4J ^ ^ 

Air SZigrl 



10 2565 



[l-(2^-l)t| (16) 



Consider now the effect of the current ^t, flowing from brush 
b to brush Bi by way of the long path through ^Z conductors. 
Again bearing in mind that the actual space distribution of this 
belt of current is as shown in Fig. 311, it will be clear that the 
currents in the two layers of the first and third quadrants neu- 
tralize so far as magnetic effects are concerned, leaving for con- 
sideration only those in the second and fourth quadrants. 
Comparing this distribution with that of Fig. 310, it becomes 
evident that the distribution of transverse flux due to y^u is 
identical with that due to %i«, but that the total effect is only 
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one- third as great as that due to the latter. Consequently the 
total magnetization contributed by the currents ^i, and J^t, is 

The° net reduction of the flux in the leading half of the pole 
face is then, so far as armature reaction is concerned, given by 
the difference between (1^ &Qd (17), or it is 



*d = 



4t ZtI 
10 325 



[i'i - 



1 - (2iA - 1)» . 



■] 



(18) 



Fi 





Fio. 310. Fio. 311. 

Yum, 810 and 311. — Distribution of components of exciting current. 



Taking ^ = 0.7, (18) becomes (nearly) 

«a = 0.2 ~ {i - 0.86t.) 



(19) 



In addition to the demagnetizing effect caused by the trans- 
veme armature reaction, there remains to be considered the 
effect of the short-circuit current in the armature element under 
brush 6. This brush short-circuits elements that are moving 
through the strongest part of the field, so that the current set 
up in them may have considerable magnitude. Since the 
brush b ia opposite the center of the pole face, the field intensity 
at that point is not appreciably affected by the cross-magnetiz- 
ing action of the main current i, and not to any great extent by 
the currents %/, and j-^i,. It may be assumed, therefore, that 
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the e.m.f. generated in the short-circuited element and, there- 
fore, the short-circuit current as well, is directly proportional 
to the speed. Since this short-circuit current is always so 
directed that it produces a demagnetizing effect in the leading 
half of the pole face, it follows that the total demagnetization 
in this half of the pole face is given by an expression of the form 
(at — pi, + yn), where 7 is a constant depending upon the aver- 
age flux density in the air-gap, the number of turns per armature 
winding element, and upon the resistance of the element and the 
brush contact; its value is derived in equation (40). The values 
of a and P follow immediately from equation (19); but since 
(19) was derived on the assumption that the machine was a 
bipolar one, whereas the actual machine is multipolar, it becomes 
necessary to divide the right-hand member of (19) by the number 
of pairs of poles in the machine in order that the expression may 
be perfectly general; therefore, 

0.4ZrZ 



a = 



P = 



0.«IZr 



I 



8p 



(20) 



Since the total flux per pole is *, the net flux in the leading half 
of the pole face is 

3^^* — ai + pi, — yn 

The e.m.f. generated in the armature between brushes Bi 
and b is then 

(M* - oLi + pi. - yn)Z'n 



where Z' = — .^-. 



vz 



X 60 X 10^ ' ^ being the number of poles in the 

machine and a the number of parallel paths through the arma- 
ture winding. This is the e.m.f. responsible for the production 
of the shunt field current %,] hence 

(1/2* - ai + pit — yn) Z^n — iifa 



Im = 



r. 



(21) 



Substituting in (21) the value of i^ from (14) and solving for t„ 
there is obtained (noting that Y^^Z'n = J^-£^a) 



I, = 



U + Hra - pZ'n 



(22) 
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The useful flux ^ is produced by the action of the shunt field 
field winding, and if magnetic saturation is neglected, the flux 
may be taken as proportional to the excitation; that is, 

* = CiTi.i, (23) 

and the total generated e.m.f . is 

Ea = ^ Z'n = cnn.i, (24) 

where 

c = CiZ' (25) 

Since the total generated e.m.f. must be equal to the sum of the 
terminal voltage apd the ohmic drop in the armature, there is 
the further relation that 

Ea = V + 2,(2r„) = V + iva + 2^-. (26) 

the final form of (26) being obtained by substituting the value 
of i\ from equation (12). 

Substituting (22) first in (24) and then in (26), and reducing, 
there result, respectively, 

and 

^- {' - 1%) -y + ^V'- ih («^'" + 2) ] - ik-'^'-' (28) 

where 

R = r, + YiTa - fiZ'n (29) 

Dividing (27) by (28) and solving for i, it is found that 
- cn.yZ'n* + ^^yZ'n^ + V f^' + PZ') n - V{r, + ^ir,) 

»•-- ^ ^^- -^ r-(30) 



n» 



(an.)cZ' - n[r,. fiZ' + ^^aZ'\ + r„{r. + %r„) - ""-^ 



Equation (30) represents a curve which shows the relation 
between the current output i and the speed n. The form of 
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this curve may be found by noting that i is the quotient of two 
functions of n, one of which (the numerator) is 

yn = - cn.yZ'n' + ""fiZ^n^ + v(^ + ^z)n - Y{t. + %r.) 

(31) 
and the other (the denominator) is 

y, = n\an.)cZ' - n[raPZ' + "^aZ'^+raiu + ^ra) - ^ (32) 

The function j/n, since it is a cubic equation, will in general be 
represented by a curve of the form y'n or y'«, Fig. 312, and the 




■■■'I] 



*- 



Fig. 312. — Curves representing equations (31) and (32). 

function yd will be represented by a parabola with vertical 
axis, as shown by the curves y^d and y'^dj Fig. 312. 

The shape of the curve corresponding to (31) will be that of 
curve ?/'„, if the three roots of t/n =0 are all real; and will be that 
of curve yn" if two of the three roots are imaginary. The curves 
of Fig. 312 are not drawn to any particular scale, but are merely 
illustrative of typical forms. But whatever the roots of y^ = 0, 
the (!urvos will cross the axis of ordinatos at a distance below the 
origin given by V(r^ + '}4t\,). 
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Similarly, the intersections with the axis of n of the parabola 
represented by (32) can be found by putting yd = 0, in which 
case 



where 



n 


2m* 


V(2m) " 


8 

m 


in 


= aritcZ' 






Q 


= - TofiZ' 


- ^^' 




8 


r * 
= r« (r, + ^r„) - ^ 





(33) 



The two roots will be real if g*>4w«, in which case the parabola 
will cut the axis of n in two points both of which lie to the left of 
the origin, as in curve y'd, Fig. 312; and the roots will both be 
imaginary corresponding to curve y'd, if g*<4w«. It is very 
easily shown, on inserting the actual values of the constants 
comprising m, q and «, that the latter condition is the only one 
that can arise in practice, which means that the parabola repre- 
senting the function yd does not intersect the axis of abscissas. 
In any case, it intersects the axis of ordinates at a distance 



I Tair, + ^fo) — -^- above the origin. 



The curve showing the relation between i and n can then be 
obtained by dividing the ordinates of the cubic curve by the 
corresponding ordinates of the parabola. Obviously, if the 
machine is to operate satisfactorily as a genetator, the curves 
representing y^ and yd must be so related that their ordinates 
will both be positive for a large range of speed (in the positive 
sense), which means that the function y^ must have three real 
roots as in curve y'n, and that point A (Fig. 312) must be as close 
as possible to the origin and point B as remote as possible. In- 
spection of equation (31) will suffice to show that the constant 
y is the controlUng factor in determining the shape of curve y\ 
and also the points in which it intersects the axis of n. For 
suppose that 7 = 0, which would mean physically that there 
is no demagnetizing effect due to the winding element short- 
circuited by brush 6, in or other words, that there is no current 
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in this short-circuited element; the numerator of (30) then 
reduct^s to 



y = nV {^^ + PZ) - V(r. + %r.) 



(54) 



which represents a straight line shown as L in Fig. 312. In tUs 
ease the curve obtained by dividing the ordinates of the straight 
line L by the corresponding ordinates of the parabola would 
have the form shown in Fig. 313 within the range of generator 
action; it is asymptotic to the axis of n at infinity. On the 
other hand, when 7>0, the curve showing the relation between 
i and n will have the form of Fig. 314. Since in practice y will 
dXft^ys be greater than zero, it is important to investigate this 
ease further, and in particular to determine the condition that 
will give rise to three real roots of the function yi» = 0; for it 
will readily be seen that if two of the roots are imaginary, as in 



I 





FiQ. 313. Fio. 314. 

l>V)cJk 313 and 314. — Relation between current output and speed. 

curve yi. Fig. 312, the current through the machine will be nega- 
tive for po^tive values of speed, which would mean that the 
machine would run as a motor and not as a generator. 

Pr^KHXHling, then, to the analysis of equation (31), it is easily 
seen that 

^J;^^ = -[Zcn.yrn- - r.yZ'n - V f J- + ffZ')] 

^^^: = -[ikn.yZ'n - r^yZ'] 
an- 

If f " is put tHiujil to zero, it is found that the condition which 
an 

iletormim^s the position of the points of maximum and minimum 
of curves Vh ^r y^ ^^ 



GcM, \ VbcH,/ \ 2 / 



(35) 



BOOSTKIIS AM) nALA\(i:h'S \ \ ,') 

Which means that one of these points lies to the right of tlio 
origin and the other to the left of the origin. There is a point 

of inflection in the curve where -r— ^ = 0, that is, when n = ,. " 



or midway between the points of maximum and minimum. 

To find the condition that the three roots of ^n = shall be 
real, the function can be written 

2cn, cn,yZ^ \ 2 ^ / cn^yZ' 

which, on substituting 

" = ^ + 6^;: (36) 

becomes 

^ " L7 \2Z' "•" en) + Udhi^r 

^ cn.7L Z' 6 \2Z' ^ cnj J lOSc'n/ " " ^*^'^ 

This equation is of the form 

ic* - f ic + 1? = 
which will have three real roots if the absolute value of §= is 

greater than j-. In this particular case 






and 

^ [r. + Hra ra/ 1 , /3\1 Ta* 



- ^ [r » + H ra rg/ 1 A\l _ 
cn,7L Z' 6\2Z'"^cn,/J 



(38) 



,71 Z' 6 \2Z' ' en,/ J 108 c'n.» 

To reduce the values of f and 17 to simpler and more manage- 
able form, it is necessary to evaluate the characteristic constants 
that enter into their expressions. Thus, from (23) 

__ flux p er pole Bg^lrrl \lrrl 

^ amp-turns per pair of poles k X l.QBgS 1.6fc5 

where k is the ratio of the excitation required for the complete 
magnetic circuit to that required by the double air-gap. Unless 
extremely high flux densities are used, k will be somewhere be- 
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tween 1.2 and 1.4, with an average value of about 1.25. It 
follows from (25) that 

^ " ^^^'" IMB • oX60X10» ^^'^ 

The magnitude of the constant y is determined by the consid- 
eration that the demagnetizing flux ^ caused by the current in 

the element short-circuited by brush b is given by yn, or 7 = --• 

If the e.m.f. in the short-circuited element is e«^., the average ; 

current in the element will be {,.«, = -^*, where r is the apparent j 

resistance of the short-circuit, and I 

^ 10 2S ^'^ ^ArZirrle^ 
* 25 10 2S 45 r 



fi 



H4rrl 

where £> is the number of commutator segments. In practice, 
20= 1, as a general rule. But e,.c. is given by^ 



hence 






^.c. - X5^t^^ X 10« S 2 

T^ /Z\ 2 r'J^B^p* 



(1)'-^ («» 



n 2400 X 10* 

Substituting these values of c and 7 in (38), it will be found that 
terms involving Va^ and r^^ are negligibly small in comparison 
with the others. Dropping Va in comparison with r,, the values 
of f and 7; become 



= i2 X lO'ojrSr /5\2 / I + lMkZ \ 

^ 38.4fc X W V ub^r /Sy 
"^ inL\HHZVn,BaV^ \ZI 



(41) 



Substituting these values in the criterion 

27 4 

* The factor ^ arises from the fact that in a series winding a single brush 
short-circuits « elements in series. 
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u: 



and reducing, it follows that 



r> 



10.85 k' 



r,^dBgap 



n.WZ (l + 



1.09*2 



r. (I)' 



(42) 



The physical meaning of the last result is that unless the resist- 
ance of the short-circuited element, including* brush contact 
resistancCi is greater than a definite limit, the demagnetizing 
effect of the short-circuit current will so far weaken the field 
at the leading pole tip as to prevent the machine from building 
up; that is, an extremely small value of r would result in the 
machine taking current from the line, or running as a motor at 
all positive values of speed. In practice, the contact resistance 
between the carbon brush b and the conmiutator will be suffi- 
dently high to insure that r will exceed the critical value, which 
means that the characteristic curve of Fig. 314 will always cut the 
axis of n in two points lying to the right of the origin and in one 
point to the left of the origin; the latter point has no practical 
significance, since it relates to the condition of running back- 
ward. The three points of intersection with the axis of n can 
be located by finding the three roots of (37) and then substitut- 
ing for X its value from (36). Since the coefficients of (37) are 

necessarily so related that or ^ T > e<luation (37) is the irreducible 

case of Cardan's rule, and the solution must be found by trig- 
onometric methods. The three roots of (37) are^ 



xi =2^1 sin M^ 

X2 = 2^1 sin (60- He) 

x,= -2^8in(60 + M^) 



where 



sin $ = 



2 



\27 



(43) 



^ Chauvenet's Plane and Spherical Trigonometry, pp. 99-100. 
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hence the abscissas of the three points of intersection of the curve 
of Fig. 314 (only two of them are shown) are 







Ta 


ni 




6cn, 


ns 


^s 




t 




den. 


n« 




Ta 



4^ 



+ 2^ I sin (60 - }ie) 



"' = 6^ - '\l ^'° ^^ + ^'^ 



(44) 



Substituting the values of ( and i; from (41) in the expression 
for sin 9 given in equation (43), 

3.28A; Z _ ^ 

(45) 



sin B = 



n.4' 



a8BfP 



1.09kZ\ * 






It has been previously pointed out that satisfactory operation 
of the generator requires that the points A and B of Fig. 312 shall 
be separated as widely as possible; and it is also important that 
point A (corresponding to the speed nO shall be as close to the 
origin as possible in order to secure the advantage of a low 
pick-up speed. It follows, therefore, that sin J^^, and therefore 
also sin 0, shall be small. Inspection of equation (45) shows 
that the conditions to be satisfied to meet this requirement are 
as follows: 

1. Make the resistance r as large as possible, that is, make 
the brush b of hard carbon with the smallest practicable dimen- 
sions. The desirability of this design is involved in the discus- 
sion of Fig. 313. 

2. Design the armature winding with one turn per element 

(§-)■ 

3. Design the shunt field winding so as to have a low resist- 
ance per turn ( -*- small j . 

4. Use a simple two-circuit armature winding (o = 2). 

5. Make the air-gap as small as possible. 

6. Select a moderate value of flux density in the air-gap and 
miiko Z correspondingly large. In other words, the armature 
should be magnetically powerful. 
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It is interesting to note that for moderate speeds the cubic 
^urve y'n of Fig. 312 does not deviate greatly from the straight 
lineL. For the slope of the line L, as determined by (34), has the 

constant value V (-«* + /3ZM , and that of the cubic curve is 

©ven by 

^n""= V (^ + PZ') - yZ'{3m.n* - r.n), 

hence, when the speed n is low, as in the vicinity of the pick-up 
speed, these two slopes will not differ greatly, and will approach 
equality as y approaches zero. This fact may be used to deter- 
mine approximately the condition that will give rise to the maxi- 
mum current output of the machine. It is possible, of course, 
to determine this condition accurately by differentiating equa- 
tion (30) with respect to n and equating the resulting expression 
to zero; but this procedure develops excessive complications for 
the reason that the differentiation gives an equation of the fourth 
d^ree in n. If, therefore, equation (30) is simplified by drop- 
ping terms containing 7, the approximate expression for i be- 
comes 



% = 



V (^'^- + PZ') n - V(r. + Hr.) 



mn^ + qn + 8 
Putting in the condition that ,- = 0, it is found that 



(46) 






r. + H r 



m mien. 



q /U_+_ ^ijr. 



+ /3Z'. 



^2 



+ /3Z 



') 



Inspection of (46) will show that 



n = 



C7l» 



+ PZ' 



(47) 



is the approximate value of the pick-up speed of the machine. 

Furthermore, the constants q and s are very small compared 

o s 

with m, so that the terms - and — in (47) are negligible. It 

follows, therefore, that the maximum current output will occur 
at a £;peed somewhat greater than twice t\ve p\e\!L-u\> «\>^,^^% "^x^ 
conclusion is checked hy t(\st results. 
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bampere, definition of 15, 36 

bcoulomb, definition of 18 

bohm, definition of 23 

bvolt, definition of 18 

.cceleration of trains 267 

.cyclic generator 96 

Jr ducts, armature 87 

-gap, area 153 

ampere-turns 152 

chamfering required by. 175 

flux density 89 

distribution 

178, 180, 186, 189 

fringing correction 154 

Jl-day efficiency 369 

Jtemating-current machines. . 66 

e.m.f. rectification 72 

Itemator 66 

generated e.m.f 68, 70 

Ititude, effect on temperature 

rise 388 

tnbient temperature 387 

tnpere, definition of 16, 18 

mpere-conductors 179 

upere-tums 43 

air-gap 152 

armature core 162 

armature, per pole 175 

cross-magnetizing 171, 174 

demagnetizing 171, 174 

field, per pole 175 

interpole 350 

IK)le cores and shoes 161 

teeth 157 

yoke 162 

pplications of generators 

200, 208, 212, 222 
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Armature 66 

am p. -turns per pole 175 

characteristic 202 

circuits, number of . ... .76, 129 

coils 138, 324, 360 

conductors, number of ... . 125 

core construction 86 

excitation 161 

disk 86, 114 

drum 113 

eddy currents 86, 377 

e.m.f. generated in 76 

field, shape of 178 

flux 323 

heating 387, 398 

magnetizing action of 166 

reaction 166, 246, 336 

regulation by 424 

resistance 81, 373 

ring 113 

winding — see Winding. 

Automobile lighting generator . . 434 

Axis, of commutation* 170, 283 

geometrical neutral 166 

neutral 167 

Axle lighting system 417 
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Back ampere-turns 171, 174, 176 

e.m.f 238 

Balancer 229, 416 

Battery ampere-hour capacity 

407, 409 

discharge rate 408, 409 

end cells 408 

train equipment 418 

voltage range 407, 409 

Bearing friction 382 
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Commutation, selective, in wave 

windings 305 

sinusoidal 280, 290 

successive phases 302 

under- 281, 297,313 

voltage 282 

without auxiliary devices . . 341 

Commutator blackening 304 

construction 84, 95 

diameter 85 

friction loss 383 

heating 85, 387, 403 

peripheral velocity 85 

pitch 126 

segments, current density. 293 

number of 125 

voltage between 85, 344 

Compensating devices 336 ' 

Compensation of armature reac- 
tion 335/ 

Compound excitation 101 

generator characteristics. . . 218 

generators in parallel 226 

motor characteristics 252 

Compounding effect of inter- 
poles 351 

Conductors, number of arma- 
ture 125 

Constant-current booster 408 

regulation 206 

Contact resistance of brushes 

282, 314 

Contactors 274 

Continuous current 67 

rating of motors 385, 391 

Control of boosters 412 

bridge 272 

series-parallel 268 

shunt motor speed 258 

Controllers 270 

Cooling durves 394 

Core, armature 86 

ampere-turns for Kil 

correct e<i length 15() 

heating of 39S 

losses 

:ir)9, 3()7, 370, 375, 382, 403 



Core, pole S9, 345 

ampere-turns for 161, 349 

Coulomb, definition of 18 

law of 5 

Counter e.m.f 237, 255 

Coupling, coefficient of 69 

Criterion, sparking 288, 289 

Cross-field 426 

magnetizing action of 

170, 435, 437 
demagnetizing component, 181 
magnetizing amperc-tums 

171, 174 
Cumulative compound motor. . 255 

Current, absolute unit of 15, 36 

continuous 67 

density in bmshes 

91, 292, 296, 314, 342 
at commutator segment, 293 

direct t . 67 

direction of force due to. . . 12 

eddy or Foucault 86 

force due to 14 

heating due to 23 

induced 10 

practical unit of 18 

short-circuit 280, 319, 439 



D 



Demagnetizing action, 170, 435, 439 

ampere-turns 171, 174 

corrected 176 

component of cross-mag- 
netization 181 

Deri winding 339 

Diamagnetic substances 4 

Difference of potential, electri- 
cal 24 

magnetic 33 

Differential booster 411 

compound motor 253 

motors, starting of 256 

Direct (uirrent 67 

machine &\ 

Discharge rate of battery. .408, 409 
Disk armature 86, 114 
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INDEX 



Dispersion, coefficient of . . . 151, 162 
Distribution of flux in air-gap 

178, 180, 186, 188, 189 
Division of load, generators, 225, 228 

motors 276 

Dobrowolsky connection 230 

Drum windings 113, 137 

Dummy coils 133 

Duration of short-circuit . . . 169, 306 

Dynamo 65 

bipolar and multipolar. ... 83 

construction of 81 

Dynamo, field excitation 97 

Dynamotor 92 



E 



Eddy currents, armature core . . 86 

pole faces 90 

loss, armature conductors. 384 

core 377 

pole faces 381 

teeth 380 

Efficiency 354, 358, 370 

all-day 369 

conventional 354 

directly-measured 354 

of conversion 364 

electrical 364 

maximum 365, 368 

mechanical 365 

variation with load. . .365, 368 

Electric Power Club 391 

Electric Storage Battery Co., 
system of train light- 
ing 432 

Electrical potential 11, 25 

regulation of voltage, train 

lighting 419 

Electricity, quantity of 18 

Electrolysis 4(K> 

Electromagnetic induction 3 

Electromagnets, tractive olTort 

of (U) 

Electromotive force 10, 24 

of alternator 08, 70 

of standard cells 21 



Electromotive force, commutat- 

ing 284,288,313,342 

of direct-current generator, 75 

counter 237,255 

direction of induced H 

magnitude of induced IS 

of mutual-induction 56 

rectification of alternating. 72 

of self-induction 55 

pulsations of 73, 77 

unit of 18,20,21 

Element of winding 117 

Elements, number of 125 

Embedded detectors 390 

End cells 408 

-connections, form of .... 1 15, 138 

heating 401 

leakage flux 32S 

Energy stored in magnetic field 

59,106 

Entz system of booster control, 413 

Equalizer 224 

Equipotential connections 139 

lines and surfaces ^ 

Excitation of dynamos — see 
Field Excit4\tion. 



F 



i 



Feeders, negative 40() 

Field, air-gap distribution of 

178, 180, 186, 188, 189 

ampere-turns per pole l'*'' 

armature, shape of 1"^ 

coil heating 401 

commutating 175, 319. 344 

control of speed 260 

cross- 42b 

displacement of windings. . 12< 

dynamo ^ 

energy of magnetic 59, 106 

excitation 97, In- 
fringing 34<> 

heating of roils 401 

m 

intensity '^ 

due to circular coil ^ 

solenoid '^ 
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d, intensity due to straight 

wire 16 

at pole tips 174 

magnetic 1 

pulsations 319 

reaction of short-circuit 

currents upon 148, 319 

regulation, train lighting 

402, 422 
reversal of commutating 

175, 344 

rheostats 103, 105 

step of windings 129 

d windings, 99, 101, 102, 103, 402 

jhing over 321 

ning's left-hand rule 13 

right-hand rule 11 

c 8 

density 8 

air-gap 89 

pole cores 89 

teeth 346 

distribution, air-gap 

178, 180, 186, 188, 189 

leakage 150, 162 

end-connection 328 

slot 325 

tooth-tip 327 

linkages 39 

from magnet pole 39 

3e, magnetic, due to current, 14 
direction of, due to current, 12 
cault currents — see Eddy 

Currents. 
3tional pitch windings 

132, 173, 342 

demagnetizing effect of 176 

tion loss 370, 382 

iging of flux 154 

slich's equation 215 

c; 

iss, (lefiiiitioii 8 

era tor 65 

acyclic, honiopolar or uni- 
polar 96 



Generator, building up, 99, 107, 205 

combined output 222 

compound, characteristics, 218 

division of load 225, 228 

Lundell 346 

parallel operation : . . . 224 

polarity 107 

Rosenberg 425, 432 

separately excited 196 

series 98, 202 

short-circuiting of 320 

shunt 100, 208 

stability of operation 205 

third-brush 434 

three- wire 228 

turbo- 94 

Gilbert, definition 41 

per cm., definition 6 

Gould system of train lighting . . 419 



H 



Head-end system, train lighting, 417 
Heat, mechanical equivalent of, 24 

Heating of armature 387, 398 

commutator 387, 403 

curves 394 

due to current 23 

of end-connections 401 

of field coils 401 

of railway motors 390 

Heat run 385 

Henry, definition 56 

Heusler alloys 4 

Homopolar generator 96 

Hottest-spot temperatures . .386, 391 
Hubbard system of booster con- 
trol 412 

Hysteresis 42, 46 

loss 47, 375 

I 

Induced current 10 

e.m.f 10, 18 

Inductance of armature coils — 
see Self-induction 
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INDEX 



Induction, electromagnetic .... 3 

magnetization by 3 

Insulation, classes of 387 

temperature limits 387, 391 

Intensity, field 5 

axis of coil 35 

solenoid 36 

of magnetization 61 

Interpole machines 95 

motors 261 

Interpoles. . .95, 318, 346, 348, 351 
Iron loss — see Core Loss 



Joule, definition of 23 

Joule's law 22 

equivalent 24 

K 

Kirchhoff's laws 29, 54 

J. 

Lap winding 

118, 131, 135, 176, 300, 306 

Laplace, law of 14 

Lead of brushes 170 

Leakage, magnetic 150, 162 

coefficient of 151, 162 

flux, end-connections 328 

pole cores 164 

shoes 163 

slots 325 

tooth-tip 327 

lA*ft-hand nilc, Fleming's 13 

Lcnz's law 12, lii, 55 

Lighting of trains 417 

Lincoln adjustable speed motor. 261 
Linear commutation. . .280, 2S5, 291 

Lines of ecjuipot^ntial .So 

force (> 

Linkages, number of flux 39 

I.ioad characteristic 200 

curve 'M\\) 

Ic^sses, stray ^is } 



Loss line 199 

Losses 356 

constant 359 

core or iron, armature 

359, 367, 370, 375, 382, 403 

pole face 381 

teeth 376,380 

total 382 

copper, armature 373 

commutator 374 

field 373 

mechanical 382 

stray load 384 

summary of 384 

Lundell generator 346 

M 

Magnet 1 

Magnetic alloys ^ 

Magnetic circuit, law of ^^ 

examples of application ... 50 

field I 

distribution, air-gap 

178, 180, 186, 189 

uniform ^ 

flux 8 

force, lines and tubes of . . . ^ 

due to current 12, 14 

. direction of '^ 

leakage 160,162 

potential ^^ 

of coils 38, 39 

reluctance ^^ 

Magnetism, residual 99, 107 

Magnetization curves ^ 

of dynamos 146, 148, 149 

by induction ^ 

intensity of ^\ 

Magnetizing action of armature, IW) 

Magnetomotive force • • *" 

Magnet pole, unit 

flux from '^^ 

Mechanical characteristics, 

motors 

equivalent of heat 

lo.sses •''^'• 

reK^i'jition of voltage — ■**' 
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Motor r>5, 237 

capacity, shunt h<M)8t.er... 408 
compound, charucteristicR, 252 

counter e.m.f 237, 255 

direction of rotation 109 

division of load 276 

enclosed, rating of 403 

interpole 261 

power of 237 

railway 265 

heating of 390 

reversing 255 

Rosenberg 431 

separately excited 245 

series 250 

shunt 249 

jpeed control, shunt 258 

pulsation, interpole 351 

starting of 242 

differential compound . . 256 

torque 237 

Motor-generator 92 

Multiplex windings 122 

Multipolar machines 67, 83 

cross- and demagnetizing 

effect 172 

Multi-voltage speed control 259 

Mutual inductance, armature 

coil 308, 330 

induction 56 

coefficient of 58 

N 

Negative booster 406 

feeder 406 

Neutral axis 167 

geometrical 166 

wire 228 

Non-reversible booster 408 

O 

Oersted, definition 49 

Ohm, definition of 23 

Ohm's law 22, 26 



Ohinir losses :i72 

armature 373 

commutator 374 

field 373 

Output coefficient 393 

equation ^ 392 

Overcommutation 280, 297, 313 



Parallel distribution 193 

operation of generators 224 

windings 120, 131 

Paramagnetic substances 4 

Period of commutation 169, 306 

Peripheral velocity of armature, 

effect on temperature rise . . 399 

Permeability 9 

Permeance 49 

Pig-tail connectors 92 

Pitch of windings 126 

Polarity of generators 107 

Pole arc, corrected length 164 

changer 419, 422 

commutating 

95, 261, 318, 346, 348, 351 

cores, ampere-turns for 161 

construction of 89, 345 

flux density in 89 

leakage 163 

shoes, ampere-turns for. . . 161 

construction 89 

eddy current loss 90, 381 

leakage flux 163 

saturation 345 

unit magnet 4 

Poles, choice of number of 83 

Potential curve 187 

difference 24 

electrical 11, 25 

energy 32 

magnetic 32, 38, 39 

Power of motors 237 

Pulsations, commutating field . . 319 

e.m.f., magnitude of 77 

speed, interpole motors 351 
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Q 



Quantity of electricity, unit 18 



R 



Railway controllers 270 

motors 265 

cycle of operations 266 

heating 390 

rating 266, 390 

stand-test 390 

Rating 385 

continuous and short-time 

385, 391 

enclosed motors 403 

railway motors 266, 390 

Reactance voltage 

290, 291, 307, 313. 342 

Reaction, armature 166. 246 

compensation of 335 

components of 170 

regulation of voltage by . . . 424 
of short-^ireuit currents 

148, 319 
Rectification of alternating 

e.m.f T2 

Reentrancy. degree of 122. 134 

Regulation, definition 195 

by armature reaction 424 

for ciHisiant current 206 

curxe 202 

field 420. 422 

reliance, train Ughling 419 
voltage, train lighting 41S 

Regulat<»r. lamp 420 

TirriU iir^ 

Rolucianv* ... 49 

Reluctivity 43 

Rt>i5tAnov 22 

Hriiiii^iire winding SI. 373 

hru^h ovmiact ... 282, :>U 

v*A»mmutation 2>w 

tk*ld. offiHTt on speifii 214 

lueasurvment i^* tempera* 

ture rts*? by 389 

regulation, train Ughtiog . 419 



Resistance, temperature co- 
efficient 22 

Resistivity 22 

Reversible booster 411 

Rheostat, field 103, 105 

discharge 106 

motor starting 243 

Rheoetatic control of speed 258 

Right-hand rule, Fleming s H 

Ring winding 113, 11$ 

Rocker ring ^ 

Rosenberg generator 425, 432 

machine as motor 431 

Rotation of motors, direction of, 109 
Rules for armature windings 

131. 13.5 



S 



Safety Car Heating A lighting 

system of train lighting, 422 

Saturation of pole tip^ 345 

teeth 346 

Sayers' winding 339 

generator 434 

Segments of commutator, num- 
ber 125 

average voltage between, 85. 344 
current density 293 

Selective commutation 30o 

Self-excitation ** 

Self-inductance . -^ 

of armature coik, 'ifif^, 324. 350 

Self-induction ^ 

c\.>efficieni of . . ■ ^ 

e.m.f. of ^^ 

Separate excitation ^' 

Separately excited generator 1^ 
mvt*>r -240 

Series b<.K>§ter 40o 

distribution .193 

►"\c I tat ion . ^ 

g^^nerators. characteristics 

96, 2ce 

m parallel 2i^ 

motors, applieauoos of *^ 

charaneriBtks 330 
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3ries motors, core loss 370 

shunt 222 

windings 120, 132 

?ries-parallel control 268 

distribution 193 

windings 134 

hort-circuit of adjacent coils 

299, 302 

current curves 280 

demagnetizing effect of 

319, 439 

duration of 169, 306 

reaction of 148, 319 

hunt booster 406 

excitation 100 

generators 100, 208 

in parallel 225 

motors 249 

speed control 258 

windings 100 

implex windings 122 

impson's rule 161 

inusoidal commutation. . . .280, 290 

lot, leakage flux 325 

pitch 126 

shape of 88 

lotted armatures 153 

mooth core armatures 152 

Dlenoid, field intensity on axis. 36 

parking constants 322 

criterion 288, 289 

peed characteristics, compound 

motor 253, 255 

separately excited motor, 245 

series motor 250 

shunt motor 249 

ofifect of, on separately ex- 
cited generator 200 

on scries generator 204 

on shunt generator 213 

pulsations, inter|>ole motors 351 

control, shunt motor 258 

peed-tinio curves 268 

tability of operation of genera- 
tors 205 

band-test, railway motors 390 

tarting of motors 242, 266 



Starting rheostats 243 

Stone train lighting generator. . 419 

Storage battery 407, 409 

Stow multi-speed motor 262 

Straight storage system 417 

Stray load loss 384 

Surfaces, characteristic — see 
Characteristics. 

equipotential 35 

Susceptibility 43 

Swinbume'8 commutating de- 
vice 340 

T 

Teeth, ampere- turns for 157 

eddy current loss in 380 

flux density in 346 

hysteresis loss in 376 

leakage flux 325 

shape of 88 

Temperature allowable 386 

ambient 387 

coefficient of resistance 22 

correction 386, 388 

hottest-spot 386 

rise 387 

specifications. Electric 

Power Club 391 

time-constant 397 

Thermometer, measurement of 

resistance by 388 

Thompson- Ryan winding 336 

Three- wire generators 228 

Thury system 222, 276 

Time constant, temperature rise, 397 

Tirrill regulator 232 

Tooth-tip leakage flux 327 

Torque 237 

compound motor 253, 255 

separately excited motor . . 248 

series motor 252 

shunt motor 249 

Track return booster 406 

Tractive effort of electromag- 
nets 60 

Train lighting 417 
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Tubes of force 6 

Turbo-generators 1)4 

Two-circuit windings — see Wnvo 
winding 
-layer windings 137 



I^ 



Undercoramutation . . .281, 297, 313 

Uniform magnetic field 5 

Unipolar generator 96 

U. S. Lighting & Heating Co. 
system of train light- 
ing 424 



V 



Ventilating ducts 87, 402 

Volt, definition of 21 

Voltage commutation 282 

between commutator seg- 
ments 85, 344 

control of speed 259 

limits of batteries 407 

reactance, 290, 291, 307, 313, 342 
regulation 195, 418 



W 



Ward Leonard system of speed 

control 260 

Watt, definition of 23 

Wave windings 

lis, 132, 136, 177, 301 
selective oomnmtation in. . 305 

Weston cell 21 

Windage 359, 3S2 

Winding, armature 113 



Winding, chord or fractional 

pitch.. 132, 173, :i42 

closedrcoil 114 

distributed, effect of . . . . 73 

drum 113, 137 

dummy • 133 

element 117 

equipotential connect ioiftml 39 
field di^lacement. . . . . . 127 

step 129 

lap 

118, 131, 135, 176, 300, 306 

multiplex 122 

number of circuits .... 76, 129 

conductors 125 

open-coil 114 

parallel 120, 131 

pitch of 126 

reentrancy 122, 134 

resistance 81, 373 

ring 113, 118 

rules 131, 135 

series 120, 132 

series-parallel 134 

simplex 122 

two-laver 137 

wave 

118, 132, 136, 177,301, 305 

field 99, 101, 102, ia3 

commutating poles 348 

Deri 339 

Thompson- Ryan 336 



Yoke, amp(»re-turns for irr2 

construction 90 

Young an<i Dunn brush 341 
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